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Abstract 
Photonic systems having interesting optical properties through the interaction with light have attracted 
much attention in various fields such as optical sensors, smart windows, dynamic gratings, and light 
control devices. In particular, metasurface holograms, one of the metamaterial-based systems with non-
naturally occurring optical properties, have received great interest due to the reproducibility of full-
color three-dimensional (3D) images through the manipulation of light. However, most metasurface 
holograms can provide an only static holographic signal. In order to overcome this limitation, many 
researchers have focused on responsive systems that modulate diffractive colors in response to 
environmental changes. These responsive systems correspond to dynamic holograms because they can 
control the phase of light and provide a variety of holographic signals through periodic variations of 
their structural properties. However, these dynamic systems have limitations in that they cannot 
reversibly display 3D holograms of complex shapes and they usually provide only a single holographic 
signal. In this dissertation, we intend to develop dynamic holograms capable of simultaneously 
expressing multiple holographic signals including structural color change and 3D holograms in a single 
architecture, based on three strategies: a. the organic synthesis of photocurable diacetylene, b. periodic 
photopatterning by DMD lithography, c. the contraction and swelling of the crosslinked network.  
In chapter 2, we report a polydiacetylene (PDA) organogel that reversibly displays 3 modes of 
holograms in a single architecture. Using dithering mask lithography, we realized two-dimensional 
patterns with varying crosslinking density on a conjugated polydiacetylene. In protic solvents, the 
organogel contracts anisotropically to develop optical and structural heterogeneities along the third 
dimension, displaying holograms in the form of three-dimensional full parallax signals, both in 
fluorescence and bright-field microscopy imaging. In aprotic solvents, these heterogeneities diminish 
as organogels expand, recovering the two-dimensional periodicity to display a third hologram mode 
based on iridescent structural colors. Our study presents a next-generation hologram manufacturing 
method for multi-level encryption technologies. 
Moreover, we developed practical PDA based-chemosensors for the detection of toxic molecules. 
Although the unique optical signaling properties of PDA have been exploited in diverse bio-
chemosensors, the practical application of most PDA sensor systems is limited by their instability in 
harsh environments and fluorescence signal weakness. In chapter 3, a universal design principle for a 
highly stable PDA sensor system with a practical dual signaling capability is developed to detect 
cyanide (CN) ions, which are commonly found in drinking water. Effective metal intercalation and 
enhanced hydrophobic intermolecular interactions between PDA-metal supramolecules are used to 
construct highly stacked PDA-metal nanoplates that feature unusual optical stability upon exposure to 
strong acids, bases, organic solvents, and thermal/mechanical stresses, and can selectively detect CN 
anions, concomitantly undergoing a specific supramolecular structure change. To realize the practical 
ii 
dual signaling capability of the PDA sensor system, upconverting nanocrystals (UCNs) are incorporated 
into highly stacked PDA-metal nanoplates, and practical dual signaling (orthogonal changes in 
luminescence and visible color) is demonstrated using a portable detection system. The presented 
universal design principle is expected to be suitable for the development of other highly stable and 
selective PDA sensor systems with practical dual signaling capability. 
In chapter 4, PDA/UCNs sensor system has been developed for selective dual signaling of 
Chemical Warfare Agents (CWAs) gases such as G-series nerve agent simulant and blood agent. 
Rationally utilizing the orthogonal reaction mechanisms of the G-agent simulant and the blood agent 
(ClCN), oxime and benzaldehyde modified diacetylene monomers capable of rapid recognition of 
CWAs gases were synthesized. PDA/UCNs embedded fiber patch having dual signaling capability was 
realized by interweaving the color change of PDAs and the anti-stoke shift based optical properties of 
UCNs. PDA/UCNs nanocomposite fiber patches selectively display blue-to-red color and yellow to red 
luminescence change upon exposure to CWAs gases. These results present a provisional design 
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Chapter 1 
Fig. 1.1. a-c, Introduction of bio-inspired structural color systems in various types such as (a) angle-
independent film1, (b) photonic microcapsule2, and (c) photonic hydrogel3. Reprinted with permission 
from refs. 1,2, and 3. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 
Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2019 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim, respectively. 
Fig. 1.2. a,b, Introduction of photonic systems which alters optical signals such as (a) absorption4-7 and 
(b) emission8,9 in response to external stimuli. Reprinted with permission from refs. 4, 5, 6, 7, 8, and 9. 
Copyright © 2019 The Royal Society of Chemistry, Copyright 2018 © The Royal Society of Chemistry, 
Copyright © 2009 American Chemical Society, Copyright © 2010 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim, Copyright © 2014 American Chemical Society, Copyright 2019 © The Royal 
Society of Chemistry, respectively.  
Fig. 1.3. a,b, Introduction of photonic systems which control the surface wrinkle pattern in response to 
external stimuli such as (a) thermal stress10 and (b) near-infrared light11. Reprinted with permission from 
refs. 10 and 11, respectively. Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 
Copyright © 2018 Springer Nature, respectively.  
Fig. 1.4. a-d, Introduction of metamaterials system with unusual optical properties such as (a) negative 
refractive index12, (b) hyperbolic dispersion16, (c) perfect absorption19, and (d) artificial chirality20. 
Reprinted with permission from refs. 12, 16, 19, and 20, respectively. Copyright © 2018 Springer 
Nature, Copyright © 2013 Springer Nature, Copyright © 2015 Springer Nature, Copyright © 2019 
American Chemical Society, and Copyright © 2015 American Chemical Society, respectively.  
Fig. 1.5. a-e, Introduction of metasurface holograms and its applications having (a) high diffraction 
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efficiency22 and (b) helicity multiplexed broadband properties23. These holograms are fabricated using 
a thin layer of (c) plasmonic24 or (d-e) dielectric structures25,26. Reprinted with permission from refs. 22, 
23, 24, 25 and 26, respectively. Copyright © 2015 Springer Nature, Copyright © 2015 Springer Nature, 
Copyright © 2016 American Chemical Society, Copyright © 2016 American Chemical Society, and 
Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, respectively. 
Fig. 1.6. a-d, Dynamic structural color systems displaying multiple optical signals upon external stimuli 
such as (a) thermal stress27,28, (b) chemical molecules29,30, (c) magnetic force31,32, and (d) mechanical 
stress33,34. Reprinted with permission from refs. 27, 28, 29, 30, 31, 32, 33, and 34, respectively. 
Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2019 Springer 
Nature, Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2017 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2009 Springer Nature, Copyright 
© 2017 American Chemical Society, and Copyright © 2018 Springer Nature, respectively.  
Fig. 1.7. a-d, Fabrication of dynamic structural color systems through a variety of methods such as (a) 
block copolymer35, (b) self-assembled nanoparticles38, (c) liquid crystal40, and (d) photolithography42. 
Reprinted with permission from refs. 35, 38, 40 and 42, respectively. Copyright © 2012 American 
Chemical Society, Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 
2015 © The Royal Society of Chemistry, Copyright © 2000 Springer Nature, respectively. 
Fig. 1.8. a,b, Methods of realizing 3D optical heterogeneity in polymer matrices through (a) two 
photon-initiated polymerization44,45 and (b) holographic lithography42,46. Reprinted with permission 
from refs. 42,44, 45, and 46, respectively. Copyright © 1999 Springer Nature, Copyright © 2008 
American Chemical Society, Copyright © 2000 Springer Nature, Copyright © 2019 American Chemical 
Society, and Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, respectively. 
Fig. 1.9. Polymerization of diacetylene (DA) monomers and optical properties of polydiacetylene 
(PDA).  
Fig. 1.10. Ideal arrangement of DA monomers in crystalline state for photo-polymerization. 
Fig. 1.11. a-e, Responsive PDA systems displaying color transition and fluorescence emission upon 
external stimuli such as (a) thermal stress57,58, (b) light51, (c) mechanical stress60, (d) pH63, and (e) 
biomolecule70. Reprinted with permission from refs. 57, 58, 59, 60, 63, and 70, respectively. Copyright 
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2013 American Chemical 
Society, Copyright © 2018 American Chemical Society, Copyright © 2014 WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim, Copyright © 2019 Elsevier Inc., Copyright © 2016 Elsevier Inc., respectively. 
Fig. 1.12. Energy profiles according to the twist angle of PDA models71. Reprinted with permission 
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from ref. 71. Copyright © 2009 American Chemical Society. 
Fig. 1.13. Mechanism of PDA based-chemosensor with probe unit for detection of specific target. 
Fig. 1.14. a-d, Illustration and optical properties of various kinds of PDA-based chemosensor for 
detection of (a) potassium64, (b) mercury65, (c) melamine66, and (d) nerve agents67. Reprinted with 
permission from refs. 64, 65, 66, and 67, respectively. and Copyright © 2008 American Chemical 
Society, Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2011 
The Royal Society of Chemistry, Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim, respectively.  
Chapter 2 
Fig. 2.1. Architecture and multi-modal hologram of responsive conjugated PDA organogel 
formed via dithering mask lithography. a, Depending on immersion solvent, PDA organogels acting 
as volume phase holographic gratings (VPHG) undergo anisotropic actuation between expanded state 
and contracted state, and b, display either iridescent structural colors (left panel) or 3D full parallax 
bright-field and fluorescence signals (right panel, rhombus, square, and hexagon dithering masks were 
used, from left to right). Copyright ©  2021 Springer Nature. 
Fig. 2.2. a, Schematic showing fabrication of conjugated PDA organogels. Two-dimensionally 
patterned 365 nm UV light delivered via a digital micro-mirror device (DMD) converts HD-DA 
monomers into crosslinks. Solvent exchange expands and anisotropically contracts the organogels to 
respectively turn fluorescence off and on. b, Dithering masks used in this study. Copyright ©  2021 
Springer Nature. 
Fig. 2.3. Surface analysis of acrylated silane coated glass slide. a,b XPS survey (a) and C 1s core 
level spectra (b) of glass (black) and 3-(trimethoxysilyl)propyl acrylate (TMSPA) coated glass (red). 
Copyright ©  2021 Springer Nature. 
Fig. 2.4. Fabrication of conjugated PDA organogel microstructure. a, Bright-field microscopy 
images of crosslinked HD-DA microstructures according to 365 nm UV exposure time. b,c, Bright-
field microscopy images (b) and SEM images (c) of multiple shaped PDA microstructures. Scale bar is 
20 µm. Copyright ©  2021 Springer Nature. 
Fig. 2.5. Fabrication of crosslinked HD-DA microstructures according to the amount of photo-
initiator (PI). Bright-field images of crosslinked HD-DA microstructures by changing 365 nm UV 
exposure time using HD-DA monomer solution with different amounts of PI. Scale bar is 50 µm. 
Copyright © 2021 Springer Nature. 
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Fig. 2.6. Fabrication of 2,4-hexadiyn-1,6-diacrylate (HD-DA) and 1,6-hexanediol diacrylate 
(HDDA) organogel microstructures according to the 365 nm UV exposure. a,b, Bright-field 
microscope images of crosslinked HD-DA (a) and HDDA (b) microstructures according to the 365 nm 
UV irradiation time. Scale bar is 50 µm. Copyright © 2021 Springer Nature. 
Fig. 2.7. Analysis of photo-chemical reactions of hydroxy-ethyl acrylate (HEA) and propargyl 
acrylate (PA) using 13C NMR spectroscopy. a,13C NMR spectra of HEA and PI (1:0.15 molar ratio) 
in DMSO-d solvent according to the exposure time of 365 nm UV light. The molar concentration of 
HEA is 433 mM and that of PI is 65.6 mM. b, Comparison of the peaks corresponding to carbon atoms 
of acrylate according to the exposure time of 365 nm UV light. c,13C NMR spectra of PA and PI (1:0.15 
molar ratio) in DMSO-d solvent according to the exposure time of 365 nm UV light. The molar 
concentration of PA is 433 mM and that of PI is 65.6 mM. d,e, Comparison of the peaks corresponding 
to carbon atoms of acrylate (d) and diacetylene (e) according to the exposure time of 365 nm UV light. 
Copyright © 2021 Springer Nature. 
Fig. 2.8. Analysis of photo-chemical reactions of 2,4-hexadiyn-1,6-diol (HD-DO) using 13C NMR 
spectroscopy. a,13C NMR spectra of HD-DO and PI (1:0.15 molar ratio) in DMSO-d solvent according 
to the exposure time of 365 nm UV light. The molar concentration of HD-DO is 433 mM and that of PI 
is 65.6 mM. b, Comparison of the peaks corresponding to carbon atoms of diacetylene according to the 
exposure time of 365 nm UV light. Copyright © 2021 Springer Nature. 
Fig. 2.9. Analysis of photo-chemical reactions of 2,4-hexadiyn-1,6-diacrylate (HD-DA) using 13C 
NMR spectroscopy. a,13C NMR spectra of HD-DA and PI (1:0.15 molar ratio) in DMSO-d solvent 
according to the exposure time of 365 nm UV light. The molar concentration of HD-DA is 433 mM and 
that of PI is 65.6 mM. b,c, Comparison of the peaks corresponding to carbon atoms acrylate (b) and 
diacetylene (c) according to the exposure time of 365 nm UV light. Copyright © 2021 Springer Nature. 
Fig. 2.10. Analysis of photo-chemical reactions of 2,4-hexadiyn-acrylate (HDA) using 13C NMR 
spectroscopy. a,13C NMR spectra of pure HDA with 634 mM of PI (1:0.15 molar ratio) according to 
the exposure time of 365 nm UV light. b,c, Comparison of the peaks corresponding to carbon atoms of 
acrylate (b) and diacetylene (c) according to the exposure time of 365 nm UV light. Copyright © 2021 
Springer Nature. 
Fig. 2.11. Analysis of photo-chemical reactions of 2,4-hexadiyn-1,6-diacrylate (HD-DA) with 
equimolar PI using 13C NMR spectroscopy. a,13C NMR spectra of HD-DA and PI (1: 1 molar ratio) 
in DMSO-d solvent according to the exposure time of 365 nm UV light. The molar concentration of 
HD-DA is 433 mM and that of PI is 433 mM. b,c, Comparison of the peaks corresponding to carbon 
atoms acrylate (b) and diacetylene (c) according to the exposure time of 365 nm UV light. Copyright © 
viii 
2021 Springer Nature. 
Fig. 2.12. Investigation of reaction pathways of polymerization of HD-DA. a,b, Reaction pathways 
of polymerization of HD-DA molecules containing acrylate radical and acrylate according to the 
reaction sites (i.e., acrylate site and four sites of diacetylene) and the directions of reaction (i.e., 
perpendicular (a) and side (b) directions to the principle axis of HD-DA monomer). Relative Gibbs free 
energies (ΔG) were calculated at 1 atm and 298.15 K. Copyright © 2021 Springer Nature. 
Fig. 2.13. Atomic charges of carbon atoms of acetylene and acrylate sites in HD-DA molecule. 
Copyright © 2021 Springer Nature. 
Fig. 2.14. Structure of conjugated PDA. Molecular structures estimated from the AAMD simulation 
for HD-DA monomers proceeded with the acrylic polymerization. The four carbon atoms in diacetylene 
were in yellow, and the arrows indicate the inter-atomic distance between C(1) and C(4) of the adjacent 
diacetylene. Copyright © 2021 Springer Nature. 
Fig. 2.15. Bright-field (left) and fluorescence (right) microscopy images show reversible volume and 
fluorescence intensity change of disk-shaped PDA organogel microstructure crosslinked without 
dithering pattern upon exposure to ACN and MeOH. Scale bar is 50 µm. Copyright © 2021 Springer 
Nature. 
Fig. 2.16. Characterization of conjugated PDA organogel upon exposure to ACN and MeOH. a,b, 
UV-Vis spectra (a) and fluorescence emission spectra (b) of PDA organogels immersed in ACN and 
MeOH. Copyright © 2021 Springer Nature.  
Fig. 2.17. Reversible fluorescence emission of the conjugated PDA organogel microstructure upon 
a solvent exchange. Comparison of an area of top region of PDA microstructure and their fluorescence 
intensity according to the types of immersion solvents. The fluorescence intensity ratio (IMeOH/IACN) is 
inversely proportional to the area of top region in the PDA microstructure. Copyright © 2021 Springer 
Nature. 
Fig. 2.18. Fluorescence emission change of conjugated PDA organogel microstructure upon the 
contraction rate. a-d, Bright-field (a), fluorescence (b), 3D reconstructed confocal (c), and orthogonal 
confocal (d) microscopy images of the conjugated PDA organogel microstructure upon an exposure to 
DMSO, ACN, PEG 200, MeOH and water. e, Volume change of conjugated PDA organogel 
microstructure according to hydrogen bond ability (α) of immersion solvents. f, Fluorescence transition 
of conjugated PDA organogel microstructure plotted by fluorescent intensity ratio (IX/IACN) according 
to hydrogen bond ability (α) of immersion solvents. Scale bar is 25 µm. Copyright © 2021 Springer 
Nature. 
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Fig. 2.19. CGMD simulation for contraction and expansion of PDA organogel structure. Final 
configurations of PDA organogel structure in ACN and MeOH solvents obtained from CGMD 
simulation. Solvent beads are omitted for clarity. Copyright © 2021 Springer Nature. 
Fig. 2.20. Radius of gyration and molecular structure of PDA in solvent. a, Radius of gyration of 
PDA in ACN and MeOH solvents obtained from CGMD simulation. b, Representative molecular 
structure of PDA in ACN and MeOH. Structure of PDA was shown stretched and folded in ACN and 
MeOH, respectively. Green and pink colored beads represent C3H2–O and C3H4=O group. Copyright © 
2021 Springer Nature. 
Fig. 2.21. Coarse-grained (CG) model of PDA (left) and configuration of PDA organogel structure in 
ACN/MeOH solvents (right). Light blue dashed box shows the CG model, composed of 30 diacetylenes. 
Configuration of PDA organogel in ACN (transparent color) and MeOH (solid color) are shown. 
Solvents are omitted for clarity. V is volume of organogel. Copyright © 2021 Springer Nature. 
Fig. 2.22. a, Probability distribution of torsion angle of PDA backbone in ACN/MeOH. Solvents were 
changed sequentially from ACN (ACN 1) to MeOH and back to ACN (ACN 2). b, AAMD simulation 
models of molecular structures of PDA monomer in ACN/MeOH solvents. Blue and red dashed boxes 
show the torsion angle of PDA backbone. Torsion angle is measured with yellow highlighted carbon 
atoms. c, HOMO isosurfaces and relative energies of PDA molecules from Fig. 2.22b. Relative energies 
are calculated based on the MeOH case. The green and orange colored isosurfaces represent the positive 
and negative values of p-orbital phase, respectively. Copyright © 2021 Springer Nature. 
Fig. 2.23. HOMO-LUMO gap and torsion angle of PDA molecule from Fig. 2.22b to investigate p-
orbital twist by solvent exchange. Copyright © 2021 Springer Nature. 
Fig. 2.24. Raman spectroscopy of PDA organogel microstructure upon a solvent exchange. a-c, 
Full spectral range (a) and magnified regions (b and c) of Raman shift in PDA organogel microstructure. 
Copyright © 2021 Springer Nature. 
Fig. 2.25. Raman spectra of PDA structure. a,b, Calculated results of Raman spectra of PDA 
structures for C=C (a) and C≡C (b) frequency regions. The PDA structures are obtained from MD 
simulation under two types of solvent (i.e., ACN and MeOH). The Raman spectra are calculated under 
the condition of 298.15 K and 785 nm incident light with Lorentzian broadening (20.0 cm-1). Note that 
blue and red colored arrows indicate the frequencies of Raman active vibrational modes in the 
crosslinked PDA ring structure. All Raman active vibrational modes are stretching modes (right hand 
side of Raman spectra). Copyright © 2021 Springer Nature. 
Fig. 2.26. Effect of torsion angle on Raman spectra of PDA. a,b, Calculated results of Raman spectra 
x 
of PDA structures for C=C (a) and C≡C (b) frequency regions. The PDA structures are constructed 
according to the two types of torsion angle (i.e., 180⁰ and 90⁰). The Raman spectra are calculated under 
the condition of 298.15 K and 785 nm incident light with Lorentzian broadening (20 cm-1). Note that 
black and red colored arrows indicate the frequencies of Raman active vibrational modes in the 
crosslinked PDA ring structure. All Raman active vibrational modes are stretching modes (right hand 
side of Raman spectra). Copyright © 2021 Springer Nature. 
Fig. 2.27. a, Probability distribution of torsion angle of twisted PDA backbone with different number 
of acrylate conversion sites. b, HOMO isosurfaces and HOMO-LUMO gaps of PDA molecules with 
low (left) and high (right) volume contraction rate. Isosurface value of HOMO is 0.007 e/Å3. The green 
and orange colored isosurfaces represent the positive and negative values of p-orbital phase, 
respectively. Copyright © 2021 Springer Nature. 
Fig. 2.28. Volume and fluorescence emission intensity change of the conjugated PDA organogel 
microstructures with different stiffness. PDA organogels were further stiffened with interpenetrating 
network using 1,6-hexanediol diacrylate. a, Chemical structure of 1,6-hexanediol diacrylate. b,c, 
Bright-field (b) and fluorescence (c) microscopy images of six PDA/1,6-hexanediol diacrylate 
microstructures with different crosslinking density upon a solvent exchange. d, Fluorescence intensity 
ratio (IMeOH/IACN) of conjugated organogel microstructures upon solvent exchange according to a 
crosslinking density of 1,6-hexanediol diacrylate controlled by the exposure number of 365 nm UV 
light. Scale bar is 25 µm. Copyright © 2021 Springer Nature. 
Fig. 2.29. Comparison of contraction simulation result with confocal microscopy image. 3D 
simulation result (left) shows predicted deformed shape, and each cut plane of simulation result (middle) 
is matched to confocal microscopy image of contracted gel in MeOH (right). Scale bar is 25um. 
Copyright © 2021 Springer Nature. 
Fig. 2.30. a,b, Organogel crosslinked without dithering pattern into a disk shape and shrunk in MeOH 
was (a) imaged using epi-fluorescence microscope and (b) simulated using FEA to predict fluorescence 
expressions resulting from network densification (left), torsional angle reduction (middle), and their 
combination (right, β = 2). Copyright © 2021 Springer Nature. 
Fig. 2.31. Bright-field microscopy images of PDA organogel microstructure (left) composed of 2D 
arrays of highly crosslinked rods in a square dithering pattern (right, light areas) embedded in lightly 
crosslinked matrix (right, dark areas). Copyright © 2021 Springer Nature. 
Fig. 2.32. Refractive indices change of rod and matrix in conjugated PDA organogel 
microstructure upon solvent exchange. a,b, Refractive indices of rod and matrix when exposed to 
xi 
ACN (a) and water (b). Copyright © 2021 Springer Nature. 
Fig. 2.33. Confocal microscopy image of rod and matrix in conjugated PDA organogel 
microstructure. a, Square–patterned dithering mask composed of 72 white pixels. b, Orthogonal 
confocal microscopy image of the square–patterned PDA organogel microstructure (Carl zeiss LSM 
780, 63×). Scale bar is 10 µm. Copyright © 2021 Springer Nature. 
Fig. 2.34. Structural color of the patterned PDA organogel. Structural color of the patterned PDA 
organogel array was changed as the viewing angle is varied (from left to right, left panel) or as the 
solvent is exchanged between ACN and water. The spectral change of structural color with different 
viewing angle is also shown (right panel). Copyright © 2021 Springer Nature. 
Fig. 2.35. Schematic of the imaging setup for structural color of dithering mask patterned 
organogel microstructure. Copyright © 2021 Springer Nature. 
Fig. 2.36. Diffraction from square dithering mask-patterned PDA organogel microstructure. a, 
Schematic of the diffraction efficiency measuring system. Transmitted and diffracted light were 
collected by the objective lens (20×/0.75 NA, Olympus) and relayed to the CMOS (CM3-U3-31S4M, 
Point Grey) camera placed at the Fourier plane by a 4-f lens pair system comprising L1 (f = 250 mm) 
and L2 (f = 100 mm). An iris was placed at a conjugate image plane to selectively measure light 
diffracted from a single PDA organogel microstructure. b, Diffraction efficiency of the first order 
diffracted light ( = ∑ 𝐼1𝑠𝑡𝑜𝑟𝑑𝑒𝑟 
/𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡) of a PDA organogel microstructure upon immersion to ACN 
was measured with respect to 405, 532 and 649 nm wavelengths. Here 𝐼1𝑠𝑡𝑜𝑟𝑑𝑒𝑟is the intensity of the 
±1 diffracted orders in the x and y directions, and 𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the intensity of light that is transmitted 
through empty regions of the sample where there were no PDA organogel structures and only the 
immersion solvents. c,d, Captured diffraction intensity patterns of a PDA organogel microstructure 
under exposure to ACN (c) and water (d). Diffracted intensity patterns for 649, 532 and 405 nm laser 
beams were assigned to the RGB colormap, respectively and displayed in a log scale. Insets show a 
magnified view of a single diffraction order. Copyright © 2021 Springer Nature. 
Fig. 2.37. Confocal microscopy images of dithering mask patterned conjugated PDA organogel 
microstructure. a,b, Hexagon dithering mask patterned PDA organogel microstructure at bottom when 
exposed to ACN (a) and water (b). c,d, Orthogonal confocal microscopy images of hexagon dithering 
mask patterned PDA organogel microstructure when exposed to ACN (c) and water (d). Scale bar is 10 
µm. Copyright © 2021 Springer Nature. 
Fig. 2.38. FEA results showing the structure of PDA organogel with arrays of highly crosslinked 
rods in a square dithering pattern. When organogel contracted in water, a three-dimensional view 
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(left) and a cross-sectional view (bottom) demonstrated deflection of rods towards the center, which 
were initially aligned along the thickness direction as shown in a cross-sectional view (top). Copyright 
© 2021 Springer Nature. 
Fig. 2.39. Bright-field (top row) and fluorescence microscopy images (bottom row) of dithering mask 
patterned PDA microstructure fabricated by five types of masks (rhombus, square, hexagon, and 
horizontal and vertical line, from left to right) when they were exposed to ACN and water. Scale bar is 
50 µm. Copyright © 2021 Springer Nature. 
Fig. 2.40. a, Bright-field micrographs (top row), widefield fluorescence micrographs (middle row), and 
3D reconstructed confocal fluorescence micrographs (bottom row) of PDA organogels patterned with a 
hexagon dithering mask. Organogels exposed to water were observed at varying angles (blue arrows 
indicate viewing angles). b, The series of brightfield micrographs showing the temporal evolution of 
3D focused light above the physical structure of PDA organogels patterned with a hexagonal dithering 
mask during the solvent exchange to water. Copyright © 2021 Springer Nature. 
Fig. 2.41. FEA results showing that solvent exchange shrank the organogel patterned with a square 
dithering mask. Color map indicates volumetric strain. Copyright © 2021 Springer Nature. 
Fig. 2.42. Comparison of confocal microscopy image of dithering mask patterned conjugated PDA 
organogel microstructure with deformed model structure by FEA. Orthogonal confocal microscopy 
image (left) of square dithering mask patterned PDA organogel upon exposure to water. Deformed 
structure modeled by FEA (right) shows bending of rods (red) and contraction of matrix (blue). Scale 
bar is 10 µm. Copyright © 2021 Springer Nature. 
Fig. 2.43. Line profile of initial fluorescence intensity of uniform PDA organogel. Uniform 
organogels which have same UV dose of rod and matrix in dithering mask patterned PDA organogel 
microstructure. Inset shows fluorescence image of uniform rod gel (left) and matrix gel (right). 
Copyright © 2021 Springer Nature.  
Fig. 2.44. Fluorescence expression predicted for the patterned organogel in FEA results after 
normalization by the maximum value. A relative contribution of network densification and torsional 
angle reduction to the fluorescence expression was adjusted separately for rod and matrix to match the 
fluorescence image shown in Fig. 2.39. Copyright © 2021 Springer Nature. 
Fig. 2.45. Bright-field and fluorescence microscopy images of dithering mask patterned PDA 
microstructures having different crosslinking densities upon an exposure of ACN and MeOH. a-
c, Rhombus (a), square (b), and hexagon (c) dithering mask were used to fabricate the PDA 
microstructure. Crosslinking densities was controlled by changing exposure time of 365 nm UV light. 
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Scale bar is 50 µm. Copyright © 2021 Springer Nature. 
Fig. 2.46. Bright-field and fluorescence microscopy images of PDA organogel microstructures 
upon exposure to solvents. a-c, Rhombus (a), square (b), and hexagon (c) dithering mask were used 
to fabricate the PDA microstructure. Scale bar is 50 µm. Copyright © 2021 Springer Nature. 
Fig. 2.47. Changing of signal shape with varying contraction level. Modeled fluorescence signals 
show the strongest intensity at the center of the organogel, and intensity about 0.7 shows along the cross 
shape. Radius of strong center and width of the cross get larger with higher crosslinking density, lower 
contraction level. Copyright © 2021 Springer Nature. 
Fig. 2.48. Light propagation simulations. a, The 3D organogel structure was divided into N=90 layers. 
The local volumetric strain upon exposure to water, obtained by finite element analysis, was used to 
reconstruct the refractive index distribution of each layer L. The incident beam 𝐸in,1(𝑥, 𝑦)  was 
modeled by the condenser NA. Propagation of light through the respective layers was calculated using 
the angular spectrum method. To simulate the bright-field transmitted light, the intensity of the optical 
field obtained for the individual plane waves per incident angle, which ranged between ±17.4o to cover 
the full illumination numerical aperture (NA) of 0.3, were incoherently summed. b, The observed 
fluorescence pattern within the organogel structure was calculated by multiplying the degree of 
fluorescence expression per layer with the illumination intensity per layer. The degree of fluorescence 
expression was calculated through FEA simulations as described in the main text. The illumination 
intensity per layer was calculated using the angular spectrum method as in Fig. 2.48 (a). Copyright © 
2021 Springer Nature. 
Fig. 2.49. a,b, (a) Expected fluorescence intensity based on fluorescence expression and illumination 
intensity (inset: fluorescence micrograph) and (b) expected bright-field transmitted light distribution 
(inset: bright-field micrograph) for Fig. 2.41. Copyright © 2021 Springer Nature. 
Fig. 2.50. Bright-field, fluorescent and structural color change of dithering mask patterned PDA 
organogel microparticle. a,b, Bright-field (a) and fluorescence (b) microscopy images of hexagon 
patterned PDA organogel microparticles when they were exposed to ACN (left) and water (right). c, 
Structural color change of hexagon patterned PDA organogel microparticles upon a solvent exchange 
from ACN (top) to water (bottom). Scale bar is 100 µm for (a) and (b), and 1 mm for (c). Copyright © 
2021 Springer Nature. 
Fig. 2.51. Bright-field and fluorescent pattern change of dithering mask patterned 1,6-hexanediol 
diacrylate microstructures. Bright-field and fluorescence microscopy image of dithering mask 
patterned fluorescein o-acrylate attached 1,6-hexanediol diacrylate microstructure with upon exposure 
xiv 
to ACN and water. Scale bar is 100 µm. Copyright © 2021 Springer Nature. 
Fig. 2.52. Bright-field and fluorescence microscopy images of different shapes of PDA organogels 
patterned using one type of dithering mask, either rhombus (R), square (S), or hexagon (H). Copyright 
© 2021 Springer Nature. 
Fig. 2.53. a,b, Bright-field and fluorescence microscopy images of different shapes of PDA organogels 
patterned using a binary mask composed of any two out of the three masks (rhombus (R), square (S), 
or hexagon (H)). Holographic signals are unique to the shape of the dithering pattern, forming a wide 
palette of possible signals. Copyright © 2021 Springer Nature. 
Fig. 2.54. Encryption of multiple patterns in diamond shaped PDA microstructure using binary dithering 
mask lithography. Copyright © 2021 Springer Nature. 
Fig. 2.55. Decryption of 9 distinctive fluorescence patterns in Fig. 2.53 via oval profile. Copyright © 
2021 Springer Nature. 
Fig. 2.56. Schematic of binary dithering mask patterning and oval profile of diamond-shaped 
conjugated PDA organogel microstructures. Nine combinations of binary dithering masks. Rhombus 
(R), hexagon (H), and square (S) pattern. Copyright © 2021 Springer Nature.  
Fig. 2.57. Encryption of letters “U-N-I-S-T” using rhombus dithering mask exhibits unique patterns at 
individual microstructures (shown in red dotted box). Copyright © 2021 Springer Nature. 
Fig. 2.58. Fabrication process of shape morphing PDA organogel microstructure. Copyright © 2021 
Springer Nature. 
Fig. 2.59. A PDA organogel microstructure reversibly actuating and displaying structural color 
and fluorescence emission in response to a solvent exchange. a, A dithering mask used for the 
organogel microstructure (a square dithering pattern for petals) (left), bright-field and fluorescence 
micrographs (middle), and structural color displayed by a flower-like PDA organogel upon exposure to 
ACN (right). b, Fluorescence emission of a flower-like PDA organogel irradiated with (top) or without 
(bottom) 254 nm for diacetylene polymerization. c, Bright-field and fluorescence micrographs of a 
flower like PDA organogel immersed in water (a side-view). d, Vertical, horizontal, and diagonal 
dithering patterns applied to petals of flower-like PDA organogels (top) and corresponding bright-field 
micrographs (middle and bottom). When exposed to MeOH, petals bent along the direction settled by 
each dithering pattern, which produced in-plane swelling mismatch. Scale bars are 100 µm. Copyright 
© 2021 Springer Nature. 
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Fig. 2.60. Microarray consisting of organogels patterned with horizontal lines on the right of the red 
dotted line and vertical lines on the other side display selective structural color depending on the 
direction of incident light. Copyright © 2021 Springer Nature. 
Fig. 2.61. Structural color turn on-off according to the direction of incident light. a, Horizontal 
lined dithering mask pattern image. b,c, Bright-field microscopy images of horizontal lined dithering 
mask patterned PDA organogel microstructure upon exposure to ACN by 20× (b) and 100 × (c) 
objective. d, Vertical lined dithering mask pattern image. e,f, Bright-field microscopy images of vertical 
lined dithering mask patterned PDA organogel microstructure upon exposure to ACN by 20× (e) and 
100 × (f) objective. g, Schematic of selective patterning of horizontal and vertical lined dithering mask 
patterned microarray. h, Selective structural color and iridescence according to the direction of incident 
light. Scale bar: 100 µm (b) and (e), 10 µm (c) and (f) and is 1 mm (h). Copyright © 2021 Springer 
Nature. 
Fig. 2.62. Dynamic flip-flop structural color systems displaying letter changes from T to E and T to S. 
Copyright © 2021 Springer Nature. 
Fig. 2.63. Schematic of letter transition according to the direction of incident light. a, Fabrication 
of letter transition systems using four types of dithering masks. Hexagon dithering mask pattern (green 
dot) represents always on. Vertical (blue dot) and horizontal (red dot) dithering mask represents 
selective on-off of structural color according to the 90 angle of incident light. Black dot dithering mask 
represent no structural color. b, Letters transition from T to S according to the direction of incident light 
and their iridescence color upon the observation angle. c, Fabrication of letter transition systems using 
three types of dithering masks. Hexagon dithering mask pattern (green dot) represents always on. 
Vertical line dithering mask (blue dot) represents selective on-off of structural color according to the 
90 angle of incident light. Black dot dithering mask represent no structural color. d, Letters transition 
from T to E according to the direction of incident light and their iridescence color upon the observation 
angle. Scale bar is 1mm. Copyright © 2021 Springer Nature. 
Fig. 2.64. Cryptographic letter system using patterned PDA microstructure. Selective patterning 
of conjugated PDA organogel for structural color and 1,6-hexanediol diacrylate organogel for blank 
results in hidden letter encryption. Structural colored letter “S” was displayed upon exposure to ACN. 
Scale bars are 1 mm (left) and 100 µm (right). Copyright © 2021 Springer Nature. 
Fig. 2.65. Free-standing flexible films with embedded holographic lettering fabricated using 
conventional biocompatible PEG-DA resin. Copyright © 2021 Springer Nature. 
Fig. 2.66. a, A schematic diagram of encryption process that generates a specific dithering pattern in 
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each element of organogel matrix. b, Example codes (left), corresponding structural colors displayed 
by encoded organogel matrices (middle), and their bright-field micrographs (right). Copyright © 2021 
Springer Nature. 
Fig. 2.67. Structural color displayed by encoded organogel matrices with varying matrix size. 0o and 
90o indicate the direction of incident light varied by imaging device. Copyright © 2021 Springer Nature. 
Fig. 2.68. Encrypted information, structural color, bright-field image, and maginified bright-field images of 
PDA organogel microstructures in Fig. 2.64. Scale bars are 100 µm for bright field images and 5 µm for 
magnified bright field images. Copyright © 2021 Springer Nature. 
Fig. 2.69. Structural colors displayed by 4×3 micro-array of 4×4 encoded organogel matrices. Scale bars 
are 200 µm. Copyright © 2021 Springer Nature. 
Fig. 2.70. Encrypted information (left) and structural color (right) of PDA organogel microstructures in Fig. 
2.66. Scale bar is 200 µm. Copyright © 2021 Springer Nature. 
Fig. 2.71. An array of structural color displayed by an imprinted flexible PDMS film. Scale bar is 200 
µm. Copyright © 2021 Springer Nature. 
Fig. 2.72. Encoded organogel matrices in the form of free-floating microparticles. Scale bar is 200 µm. 
Copyright © 2021 Springer Nature. 
Fig. 2.73. A computer-assisted method to convert digital color images to structural color encrypted 
holograms. Scale bar is 200 µm. Copyright © 2021 Springer Nature. 
Fig. 2.74. Structural color encrypted PDA organogel micro-particles displaying The Starry Night, Van 
Gogh self-portrait, and Sunflowers by Vincent van Gogh, The Scream by Edvard Munch, and The Kiss 
by Gustav Klimt. Scale bar is 200 µm. Copyright © 2021 Springer Nature. 
Fig. 2.75. Selective structural color change of masterpiece encrypted microstructures by changing the 
viewing angle. Scale bar is 200 µm. Copyright © 2021 Springer Nature. 
Fig. 2.76. Structural color (top), bright-field (middle), and maginified bright-field (bottom) images of 
masterpiece encrypted microstructures. Scale bars are 200 µm (top) and 5 µm (bottom). Copyright © 
2021 Springer Nature. 
Fig. 2.77. Transmittance of photo-crosslinked HD-DA film. Copyright © 2021 Springer Nature. 
Fig. 2.78. Structural color on-off PDA organogel microstructures patterned with two types of line 
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dithering mask (horizontal and vertical line). The letter encryption (top) and the section-based 
encryption (bottom) systems. Scale bars are 200 µm. Copyright © 2021 Springer Nature. 
Fig. 2.79. Selective structural color changing of PDA organogels by rotating the portable imaging 
device. Copyright © 2021 Springer Nature. 
Fig. 2.80. a, A flexible free-standing PDMS film encoded with Van Gogh self-portrait hologram and 
attached to a beer bottle. b, A use of a portable device to selectively display structural colors of Van 
Gogh self-portrait holograms. Scale bar in (a) is 200 µm. Copyright © 2021 Springer Nature. 
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Fig. 3.1. The schematic of fabricating highly stacked PCDA-Co nanoplates. a, Synthesis of PCDA-Co 
with 10,12-pentacosadiynoic acid (PCDA) and cobalt dihydroxide (Co(OH)2). b, Stage 1: color change 
of isolated PCDA-Co nanoplates upon addition of acids, bases, and organic solvents. c, Stage 2: Color 
change of agglomerated PCDA-Co nanoplates upon addition of organic solvents. d, Stage 3: Color 
change of highly stacked PCDA-Co nanoplates upon addition of CN ions. e, Absorbance overlap of 
PCDA-Co supramolecules with luminescence of UCNs. f, Dual signaling by luminescence and color 
change of UCNs/PCDA-Co nanoplate composite film upon addition of CN ions. Copyright © 2020 
American Chemical Society. 
Fig. 3.2. SEM image of isolated PCDA-Co nanoplates. Copyright © 2020 American Chemical Society. 
Fig. 3.3. a, Color change observed in isolated PCDA-Co nanoplates (RPCDA/Co = 0.33) in solution upon 
the addition of various concentrations of CN ions. (B) UV-Vis and (C) fluorescence spectra change in 
isolated PCDA-Co nanoplates before/after exposure to 4 mM of CN ions (excitation at 480 nm). 
Copyright ©  2020 American Chemical Society. 
Fig. 3.4 Rapid color changes observed for isolated PCDA-Co nanoplates in solution after treatment 
with CN ions (4 mM). 
Fig 3.5. a-c, Color change observed in isolated PCDA-Co nanoplates (RPCDA/Co = 0.33) in solution, after 
introducing (a) organic solvents, (b) 4 mM of acids and bases, and (c) heat. Copyright ©  2020 American 
Chemical Society. 
Fig 3.6. a-d, Change in UV-vis absorption intensities of isolated PCDA-Co nanoplates upon treatment 
with (a) organic solvents, (b) bases, (c) acids, and (d) thermal stress. Copyright ©  2020 American 
Chemical Society. 
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Fig. 3.7. Color changes observed for solution-phase isolated PCDA-Co nanoplates prepared using 
various RPCDA/Co and treated with acids, bases, and CN ions. Copyright © 2020 American Chemical 
Society.  
Fig. 3.8. Color changes observed in solution for isolated PCDA-Co nanoplates fabricated using various 
RPCDA/Co and treated with various concentrations of CN ions. Copyright © 2020 American Chemical 
Society.   
Fig. 3.9. a,b, Bright-field microscopy images of (a) isolated PCDA-Co nanoplates and (b) agglomerated 
PCDA-Co nanoplates in solution. Scale bars are 10 µm. Copyright © 2020 American Chemical Society. 
Fig. 3.10. a-c, Color change observed in agglomerated PCDA-Co nanoplates (RPCDA/Co = 0.33) in 
solution state, upon addition of (a) 4 mM of acids and bases, (b) organic solvents, and (c) heating. 
Copyright ©  2020 American Chemical Society. 
Fig. 3.11. a-d, Changes in UV-vis absorption intensities of isolated PCDA-Co nanoplates in solution 
upon treatment with (a) bases, (b) acids, (c) organic solvents, and (d) thermal stress. Copyright ©  2020 
American Chemical Society. 
Fig. 3.12. SEM images of isolated PCDA-Co nanoplates in solution based on various initial molar ratio 
(RPCDA/Co). Scale bar = 2.5 µm. Copyright © 2020 American Chemical Society. 
Fig. 3.13. Color changes observed for highly stacked PCDA-Co nanoplates prepared using various 
RPCDA/Co and exposed to CN ions (25 mM). Copyright © 2020 American Chemical Society. 
Fig. 3.14. a-d, Color change observed in highly stacked PCDA-Co nanoplates films upon treatment 
with (a) acids, bases, and organic solvents, (b) heating, (c) mechanical stress (folding in half 10 times), 
and (d) various concentration of CN ions. Copyright © 2020 American Chemical Society. 
Fig 3.15. Color changes observed for highly stacked PCDA-Co nanoplates prepared using various 
RPCDA/Co and treated with various concentrations of CN ions. Copyright © 2020 American Chemical 
Society. 
Fig. 3.16. a,b, (a) XPS and (b) Raman spectra of highly stacked PCDA-Co nanoplates film before/after 
exposure to 15 mM of CN ions. Copyright ©  2020 American Chemical Society. 
Fig. 3.17. a,b, XRD spectra of (a) isolated PCDA-Co nanoplates, and (b) agglomerated PCDA-Co 
nanoplates in solution upon treatment with acids, bases, and organic solvents. c, XRD patterns of highly 
stacked PCDA-Co nanoplates in solid film before/after addition of acids, bases and organic solvents. d, 
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XRD patterns of isolated PCDA-Co nanoplates and highly stacked PCDA-Co nanoplates before/after 
addition of CN ions. Copyright ©  2020 American Chemical Society. 
Fig. 3.18. a-c, Changes observed in SEM images of (a) isolated PCDA-Co nanoplates, (b) agglomerated 
PCDA-Co nanoplates, and (c) highly stacked PCDA-Co nanoplates with molar ratios of PCDA and 
cobalt ions (RPCDA/Co = 0.33) upon exposure to 15 mM of CN ions. Scale bars = 1.5 µm. Copyright ©  
2020 American Chemical Society. 
Fig. 3.19. SEM image of UCNs incorporated into highly stacked PCDA-Co nanoplates. Copyright ©  
2020 American Chemical Society. 
Fig. 3.20. a, Color and luminescence changes of UCNs/PCDA-Co nanoplate composites film upon 
addition of various concentrations of CN ions. b, Changes in the luminescence spectrum of 
UCNs/PCDA-Co nanoplate composite film upon exposure to various concentrations of CN ions. c, 
Color and luminescence changes of UCNs/PCDA-Co nanoplate composite film upon exposure to 
various acids, bases, and organic solvents. d, Changes in the luminescence spectrum of UCNs/PCDA-
Co nanoplate composites film upon treatment with acids, bases, and organic solvents. Copyright ©  2020 
American Chemical Society. 
Fig. 3.21. a, Schematic of the portable detection system. b, Selective detection of CN ions with the 
device in (a). Inset images show the luminescence color change of UCNs/PCDA-Co nanoplate 
composite film after exposure to CN ions (LED is red in the absence of CN ions and green in the 
presence of  
Chapter 4 
Fig. 4.1. a, Chemical structure of investigated diacetylene PCDA-OX and PCDA-BA (top) and the 
reaction mechanisms of OX with DMMP (bottom) and BA with ClCN. b, Schematic illustration of the 
fabrication of PCDA-OX or PCDA-BA coated fiber patch. c, Selective detection of DMMP and ClCN 
using PCDA-OX and PCDA-BA fiber patches. d, Detection mechanism of PCDA-OX and PCDA-BA. 
e, Schematic illustration of PDA/UCNs nanocomposite fiber patches for night-time detection. 
Copyright © 2021 IOP Publishing.  
Fig. 4.2. a, Color change of PCDA-OX coated PET film after exposure to DMMP liquid (9.23M). b, 
Color change of PCDA-OX cotton fiber patch after exposure to DMMP liquid (9.23M). c, Normalized 
UV-vis absorption spectra of PCDA-OX coated PET film before and after exposure to DMMP liquid 
(9.23M). d, Normalized reflectance spectra of PCDA-OX cotton fiber patch before and after exposure 
to DMMP liquid (9.23M). e, Color change of PCDA-OX fiber patch after exposure to DMMP droplets 
xx 
(Diameter: 100 µm). Copyright © 2021 IOP Publishing.  
Fig. 4.3. a, CCD images (top), averaged colors and color standard names (middle), and H values on the 
color wheel (bottom) of PCDA-OX coated fiber patch after exposure to ClCN (1720 ppm) and DMMP 
(390 ppm) gases. b, CCD images (top), averaged colors and color standard names (middle), and H 
values on the color wheel (bottom) of PCDA-BA coated fiber patch after exposure to DMMP (390 ppm) 
and ClCN (1720 ppm) gases. Copyright © 2021 IOP Publishing. 
Fig. 4.4. a, SEM images and b, luminescence change of UCNs after exposure to ClCN (1720 ppm) and 
DMMP (390 ppm) gases. c, Luminescence spectra change of UCNs coated fiber patch before and after 
exposure to ClCN (1720 ppm) and DMMP (390 ppm) gases. d,e, Luminescence overlap of UCNs with 
(d) blue phase PCDA-OX and (e) red phase PCDA-OX. f, Color (top) and luminescence (bottom) 
change of PCDA-OX/UCNs fiber patch upon exposure to ClCN (1720 ppm) and DMMP (390 ppm) 
gases. g, Color (top) and luminescence (bottom) change of PCDA-BA/UCNs fiber patch upon exposure 
to ClCN (1720 ppm) and DMMP (390 ppm) gases. h, Luminescence spectra change of PCDA-
OX/UCNs fiber patch before and after exposure to DMMP (390 ppm) gas. Scale bar is 1 µm for (A) 
and 5 mm for (F). Copyright © 2021 IOP Publishing. 
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Chapter 1. Introduction 
1.1 Bio-inspired Photonics 
Natural species exhibit various optical signals such as structural color, surface pattern change, and 
color change by pigment through different sophisticated mechanisms. For example, the Morpho 
butterfly shows brilliant colors through its complex structural variations at the nanometer scale, and the 
Mimic octopus exhibits the alteration of surface patterns in response to environmental changes. Inspired 
by optical signals of nature species, the advanced polymer system that controls light propagation has 
been much attention. By reproducing complex structural variation in Morpho butterfly wings, the 
structural color systems have been achieved in a variety of types such as angle-independent structural 
reflectors1, photonic microcapsule2, and structural color hydrogel3 (Fig. 1.1.1). These polymer systems 
display a selective reflectance at a specific wavelength via diffraction originated from structural 
variations of periodic micro/nanostructure. Also, many researchers have tried to develop the photonic 
system displaying a variety of optical signals through the interaction with light (Fig. 1.1.2 and Fig. 
1.1.3). As a result, the polymer systems which alters absorption4-7, emission8,9, and surface wrinkle 
patterns10,11 upon environmental perturbations have been reported for diverse applications such as 
optical sensor, smart windows, dynamic gratings, and light control devices.  
 
Fig. 1.1. a-c, Introduction of bio-inspired structural color systems in various types such as (a) angle-
independent film1, (b) photonic microcapsule2, and (c) photonic hydrogel3. Reprinted with permission 
from refs. 1,2, and 3. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 
Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2019 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim, respectively. 
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Fig. 1.2. a,b, Introduction of photonic systems which alter optical signals such as (a) absorption4-7 and 
(b) emission8,9 in response to external stimuli. Reprinted with permission from refs. 4, 5, 6, 7, 8, and 9. 
Copyright © 2019 The Royal Society of Chemistry, Copyright 2018 © The Royal Society of Chemistry, 
Copyright © 2009 American Chemical Society, Copyright © 2010 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim, Copyright © 2014 American Chemical Society, Copyright 2019 © The Royal 
Society of Chemistry, respectively.  
Fig. 1.3. a,b, Introduction of photonic systems which control the surface wrinkle pattern in response to 
external stimuli such as (a) thermal stress10 and (b) near-infrared light11. Reprinted with permission from 
refs. 10 and 11, respectively. Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 





1.2 Optical metamaterials 
1.2.1 Introduction of optical metamaterials 
In addition to the development of photonic systems that mimic natural species, researchers 
have also paid much attention to the realization of materials with novel optical properties that did not 
exist in the natural world. The materials with unprecedented optical properties were called 
metamaterials because the prefix “meta” means “beyond conventional materials in nature”. These 
metamaterials refer to a metal or dielectric material artificially designed in a periodic arrangement with 
a spacing substantially smaller than the wavelength of light or electromagnetic waves. These artificial 
structures generate electromagnetic responses, resulting in unusual optical properties including negative 
refractive index12-15, hyperbolic dispersion16,17, perfect absorption18,19, artificial chirality20,21, and 
holograms22-26. The metamaterials systems have been developed through a variety of methods such as 
e-beam lithography, interference lithography, 3D printing, and block copolymer self-assembly. 
 
Fig. 1.4. a-d, Introduction of metamaterials system with unusual optical properties such as (a) negative 
refractive index12, (b) hyperbolic dispersion16, (c) perfect absorption19, and (d) artificial chirality20. 
Reprinted with permission from refs. 12, 16, 19, and 20, respectively. Copyright © 2018 Springer 
Nature, Copyright © 2013 Springer Nature, Copyright © 2015 Springer Nature, Copyright © 2019 
American Chemical Society, and Copyright © 2015 American Chemical Society, respectively.  
1.2.2 Metasurface holograms 
 Holography, first introduced in 1948 by Denis Gabor, is broadly defined as recording and 
reconstruction of both the amplitude and phase of light, and holograms refer to reconstructed images 
recorded by holography techniques. These holography techniques have been utilized for diverse 
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applications such as 3D displays, data storage, and optical sensors. In particular, with the development 
of nanofabrication technology, the metasurface holograms composed of ultrathin 2D metamaterials 
have attracted considerable attention for their capabilities of generating three-dimensional (3D) full-
color holographic images with unprecedented spatial resolution, high precision, and low noise. Recently, 
Guoxing Zheng and coworkers successfully developed metasurface hologram system composed of a 
ground metal plane, a dielectric spacer layer, and a top layer of antennas22. The system reconstructed 
elaborate 3D holographic images via high diffraction efficiency (80%). Also, Dandan Wen and 
coworkers realized a polarization multiplexed optical device by the introduction of three layers 
containing silver nanorods (top), SiO2/silver background layer (middle), and Si substrate (bottom)23. In 
addition, various plasmonic or dielectric materials have been utilized for ultrathin 2D metasurface, and 
the plasmonic/dielectric metasurface generated full-color holographic images with complex shape by 
manipulating the amplitude and phase of light24-26.  
 
Fig. 1.5. a-e, Introduction of metasurface holograms and its applications having (a) high diffraction 
efficiency22 and (b) helicity multiplexed broadband properties23. These holograms are fabricated using 
a thin layer of (c) plasmonic24 or (d-e) dielectric structures25,26. Reprinted with permission from refs. 22, 
23, 24, 25 and 26, respectively. Copyright © 2015 Springer Nature, Copyright © 2015 Springer Nature, 
Copyright © 2016 American Chemical Society, Copyright © 2016 American Chemical Society, and 
Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, respectively. 
1.3 Polymer based-hologram systems 
1.3.1 Dynamic holograms using responsive polymer 
However, most of the conventional metasurface holograms can provide only static holographic 
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signals because their phase and magnitude profiles were fixed during the fabrication process. To realize 
holograms which provide a variety of signals by altering their phase and magnitude profile, the 
responsive polymers have been exploited. Many researchers have developed a dynamic structural color 
system capable of providing multiple signals upon external stimuli such as thermal stress27,28, chemical 
molecules29,30, magnetic force31,32, and mechanical stress33,34. The structural color arises from the 
periodic refractive index distribution of inter-domains, and the color signal changes because the phase 
and magnitude profile are altered as the spacing of inter-domains varies. These systems can be 
fabricated using block copolymer35-37, self-assembled nanoparticles38,39, liquid crystals40,41, and 
lithographic patterning42,43. Because hologram is broadly defined as any entity that can control the 
amplitude and phase of light, these dynamic structural color systems which alter their phase profile of 
light in response to external stimuli could be known as dynamic holograms. 
 
Fig. 1.6. a-d, Dynamic structural color systems displaying multiple optical signals upon external stimuli 
such as (a) thermal stress27,28, (b) chemical molecules29,30, (c) magnetic force31,32, and (d) mechanical 
stress33,34. Reprinted with permission from refs. 27, 28, 29, 30, 31, 32, 33, and 34, respectively. 
Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2019 Springer 
Nature, Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2017 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2009 Springer Nature, Copyright 
© 2017 American Chemical Society, and Copyright © 2018 Springer Nature, respectively.  
6 
 
Fig. 1.7. a-d, Fabrication of dynamic structural color systems through a variety of methods such as (a) 
block copolymer35, (b) self-assembled nanoparticles38, (c) liquid crystal40, and (d) photolithography42. 
Reprinted with permission from refs. 35, 38, 40 and 42, respectively. Copyright © 2012 American 
Chemical Society, Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 
2015 © The Royal Society of Chemistry, Copyright © 2000 Springer Nature, respectively. 
1.3.2 The limitations of dynamic structural color systems  
The above-mentioned structural color systems provide optical signals such as color variations when the 
responsive polymer is actuated by external stimuli. However, they cannot display complex-shaped 
signals other than diffractive color change because the interdomain spacing is altered consistently when 
exposed to environmental changes. Therefore, these dynamic structural color systems have low 
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encryption capabilities and are difficult to be applied to multi-level security systems. Also, those 
systems that show simple color signals are far from true 3D holograms. 
1.3.3 The motivation for dynamic 3D holograms  
Therefore, researchers have devoted enormous efforts to realize 3D polymer holograms with complex 
shapes. They tried to develop complex-shaped holograms through the formation of 3D optical 
heterogeneities in polymer matrices using lithographic techniques such as two photon-initiated 
polymerization44,45 and holographic lithography42,46 (Fig. 1.8). However, the technology requires 
expensive equipment and complicated processes, and the corresponding structures are difficult to mass-
produce, therefore, a more efficient method of implementing 3D optical heterogeneity is needed. 
Furthermore, if novel materials that express optical signals in response to change is introduced to the 
photonic system, the system can provide various types of optical signals in addition to holograms caused 
by the optical heterogeneity. As a result, it is expected to take one step closer to true dynamic 3D 
holograms.  
 
Fig. 1.8. a,b, Methods of realizing 3D optical heterogeneity in polymer matrices through (a) two 
photon-initiated polymerization44,45 and (b) holographic lithography42,46. Reprinted with permission 
from refs. 42,44, 45, and 46, respectively. Copyright © 1999 Springer Nature, Copyright © 2008 
American Chemical Society, Copyright © 2000 Springer Nature, Copyright © 2019 American Chemical 
Society, and Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, respectively. 
1.4 Polydiacetylene (PDA) 
1.4.1 Self-assembly and photopolymerization of diacetylene monomers 
Among novel materials that express optical signals in response to external stimuli, polydiacetylene 
(PDA), one of the conjugated polymers, have received great attention due to their unique properties 
such as blue-to-red color transition and fluorescence emission. Polydiacetylene is formed by 1,4-
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topochemical polymerization of diacetylenes through 254 nm UV irradiation when diacetylene 
monomers are positioned in an ideal arrangement through the self-assembly process. Especially, in the 
crystalline structure, the ideal arrangement corresponds to a C1-C1 repeat distance of 4.9 Å and a C1-
C4 distance of 3.5Å, and a tilt angle of 45°47,48 (Fig. 1.10). Then, photopolymerization of self-assembled 
diacetylene at 254 nm UV light forms a delocalized π-system consisting of an alternative carbon double 
bond and carbon triple bond, resulting in a blue phase PDA with strong absorption at 650 nm. These 
PDA systems have been fabricated in diverse forms such as vesicles49,50, mono/bilayer51,52, single 
crystals53,54, and polymer composites55,56. 
 
Fig. 1.9. Polymerization of diacetylene (DA) monomers and optical properties of polydiacetylene 
(PDA).  
 
Fig. 1.10. Ideal arrangement of DA monomers in crystalline state for photo-polymerization. 
1.4.2 Optical properties of PDA 
PDA exhibits unique optical properties such as color transition and fluorescent emission upon 
environmental perturbations such as thermal stress57,58, light59, mechanical stress60, pH61-63, chemical 
molecules64-67, and biomolecules68-70 (Fig. 1.11). Upon external stimuli, PDA having a delocalized 
network of π electron undergoes blue-to-red transition due to the conformational changes of conjugated 
backbone. Furthermore, these red phase PDA exhibits red emission.  
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Fig. 1.11. a-e, Responsive PDA systems displaying color transition and fluorescence emission upon 
external stimuli such as (a) thermal stress57,58, (b) light51, (c) mechanical stress60, (d) pH63, and (e) 
biomolecule70. Reprinted with permission from refs. 57, 58, 59, 60, 63, and 70, respectively. Copyright 
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2013 American Chemical 
Society, Copyright © 2018 American Chemical Society, Copyright © 2014 WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim, Copyright © 2019 Elsevier Inc., Copyright © 2016 Elsevier Inc., respectively. 
Many researchers have attempted to investigate the exact mechanism of these chromatic 
transitions and fluorescence emissions in PDA. Although these origins of optical signal changes have 
been fully not understood, it is believed that the transition of electronic structures in the conjugated 
backbone induces optical signals change. A recently reported study on the electronic and physical 
properties of PDA through density functional theory (DFT) calculations also supported the fact that 
chromogenic transitions are caused by the transition of electronic structure71. When the model structures 
with different torsional angles were analyzed, the models with large torsional angles (90˚) 
corresponding to red phase PDA exhibited the higher energy (Fig. 1.12).  
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Fig. 1.12. Energy profiles according to the twist angle of PDA models71. Reprinted with permission 
from ref. 71. Copyright © 2009 American Chemical Society. 
1.4.3 PDA sensors 
These color change and emission characteristics enable PDA to be utilized for sensor applications. In 
particular, PDA sensors are manufactured in the form of attaching a probe unit to the end, and have 
been widely used as chemosensors for detecting specific molecules. These PDA sensory systems can 
detect specific molecules through color transition and fluorescent emission because their conjugated 
backbone undergoes partial p orbital twisting by the repulsion between probe-target complexes (Fig. 
1.13). Based on these properties and sensing mechanisms, Lee and co-workers successfully developed 
colorimetric and fluorescent PDA chemosensors for the detection of various toxic molecules such as 
potassium64, mercury65, melamine66, and nerve agents67 (Fig. 1.14). 
 
Fig. 1.13. Mechanism of PDA based-chemosensor with probe unit for detection of specific target. 
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Fig. 1.14. a-d, Illustration and optical properties of various kinds of PDA-based chemosensor for 
detection of (a) potassium64, (b) mercury65, (c) melamine66, and (d) nerve agents67. Reprinted with 
permission from refs. 64, 65, 66, and 67, respectively. and Copyright © 2008 American Chemical 
Society, Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2011 
The Royal Society of Chemistry, Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim, respectively.  
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2. 1 Introduction 
Responsive polymer matrices containing one- to three-dimensional periodic patterns of optical 
properties are of interest because they have applications in optical sensors and displays. In response to 
various external stimuli1-4, these matrices are used to dynamically control light propagation and 
modulate optical properties such as refractive index and absorption and emission spectra5-11. The 
periodic patterns that give rise to the optical properties in these matrices are typically created using 
lithographic patterning and self-assembly of nano- and micro-particles, block copolymer, and liquid 
crystals12-17.  
 While optical systems such as waveguides or holographic gratings18, 19 are created using 
stimuli-responsive polymer matrices, they are almost exclusively used in photonic crystals, wherein 
active coloration forms from changes in the peak wavelength of Bragg diffraction as the uniform inter-
domain spacing is varied consistently throughout the entire system20-26. Therefore, these typical 
photonic crystals and polymer-based hologram systems cannot reversibly display varying hologram 
shapes, they were restricted in their functionalities to mostly spectroscopic changes. However, if the 
optical periodicity in the polymer matrices was made heterogeneous, one may modulate light 
propagation in more complex ways to realize varying types of optical signals, for example dynamically 
shape-changing holograms used for sophisticated encryption technologies. Although two-photon or 
holographic lithography can be used to create complicated 3D optical heterogeneities in polymer 
matrices27,28, these methods are not widely accessible because they involve expensive precision 
instruments and fabrication requires extreme care and time. This has limited the exploration of light 
propagation through polymer matrices with complex 3D optical heterogeneities that could potentially 
display a rich variety of optical signals besides structural colors.  
Here, we describe the use of conventional 2D photo-lithography to create a dynamic optical system 
that reversibly displays three modes of holograms in a single architecture through a solvent exchange. 
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We used dithering mask lithography to pattern conjugated polydiacetylene (PDA) organogels with 
varying crosslinking density in two dimensions, forming 2D periodic refractive index variations that 
displayed structural color via diffraction. When immersed in protic solvents such as water or methanol 
(MeOH), the PDA organogels shrank anisotropically because their bottom surface was attached to a 
glass substrate (Fig. 2.1a). Anisotropic shrinkage caused the 2D optical periodicity of the organogels 
to vary along the thickness direction, resulting in the disappearance of structural colors and the 
appearance of unusual 3D full parallax holographic signals that are unique to the shape of individual 
dithering masks (Fig. 2.1b). We conducted multiscale simulations to mechanistically describe the 
emergence of these unique light signals. Unlike typical optical systems displaying a single-mode 
hologram, our system realizes multi-modal holograms in a cost-effective and scalable manner. Such a 
robust system will find ample applications in multi-level anti-counterfeiting and encryption 
technologies. 
 
Fig. 2.1. Architecture and multi-modal hologram of responsive conjugated PDA organogel 
formed via dithering mask lithography. a, Depending on immersion solvent, PDA organogels acting 
as volume phase holographic gratings (VPHG) undergo anisotropic actuation between expanded state 
and contracted state, and b, display either iridescent structural colors (left panel) or 3D full parallax 
bright-field and fluorescence signals (right panel, rhombus, square, and hexagon dithering masks were 
used, from left to right). Copyright ©  2021 Springer Nature. 
2. 2 Results and discussion 
To create a multi-modal holographic system, disk-shaped PDA organogels attached to glass 
substrates via silane chemistry were fabricated inside polydimethylsiloxane (PDMS) channels (Fig. 
2.2a and Fig. 2.3). The pregel solution containing diacrylic acetylene liquid monomer, 2,4-hexadiyne-
1,6-diacrylate (HD-DA), and the photo-initiator were injected into the channels. Using an optical 
microscope equipped with a digital micro-mirror device (DMD), 365 nm ultraviolet (UV) light with or 
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without two-dimensional patterns was irradiated to the pregel solution, and the free-radical acrylic 
polymerization proceeded to form the crosslinked network (Fig. 2.2b and Fig. 2.4).  
 
Fig. 2.2. a, Schematic showing fabrication of conjugated PDA organogels. Two-dimensionally 
patterned 365 nm UV light delivered via a digital micro-mirror device (DMD) converts HD-DA 
monomers into crosslinks. Solvent exchange expands and anisotropically contracts the organogels to 
respectively turn fluorescence off and on. b, Dithering masks used in this study. Copyright ©  2021 
Springer Nature. 
 
Fig. 2.3. Surface analysis of acrylated silane coated glass slide. a,b XPS survey (a) and C 1s core 
level spectra (b) of glass (black) and 3-(trimethoxysilyl)propyl acrylate (TMSPA) coated glass (red). 




Fig. 2.4. Fabrication of conjugated PDA organogel microstructure. a, Bright-field microscopy 
images of crosslinked HD-DA microstructures according to 365 nm UV exposure time. b,c, Bright-
field microscopy images (b) and SEM images (c) of multiple shaped PDA microstructures. Scale bar is 
20 µm. Copyright ©  2021 Springer Nature. 
Photocrosslinking of HD-DA through acrylate polymerization under 365 nm UV light 
We photo-crosslinked HD-DA resin mixed with photo-initiator, and 10 vol.% of the photo-initiator 
(Darocur 1173) used in the study was exceptionally high when compared to the 0.1–1.0 vol.% of the 
same photo-initiator typically used in previous studies to polymerize diacrylate monomers29-31. From 
the preliminary results shown in Fig. 2.5, however, we found that the pregel solution containing at least 
10 vol.% of the photo-initiator should be irradiated with UV365 for ~2000 ms to clearly display the 
optical features showing the formation of the crosslinked structure. We also found that the pregel 
solution containing a lower vol.% photo-initiator and irradiated with UV365 for an extended time 
produced diffuse boundaries, while the pregel solution containing a higher vol.% photo-initiator 
produced overly polymerized structures, as determined microscopically. Based on these results, we 
optimized the volume ratio of the photo-initiator and the irradiation time to 10 vol.% and 2300 ms, 
respectively. We infer that such an excess amount of photo-initiator is necessary for the stabilization of 
the acrylic radical using diacetylene, which is known to significantly retard the acrylate polymerization 
in a conceptually similar manner to the atom transfer radical polymerization (ATRP)32. As shown in Fig. 
2.6, diacetylene tethered with the electron-withdrawing group in our study slows down the acrylate 
polymerization by as much as 103 times, when compared to the polymerization of 1,6-hexanediol 
diacrylate. To compensate for the substantially lower rate of polymerization owing to the stabilization 




Fig. 2.5. Fabrication of crosslinked HD-DA microstructures according to the amount of photo-
initiator (PI). Bright-field images of crosslinked HD-DA microstructures by changing 365 nm UV 
exposure time using HD-DA monomer solution with different amounts of PI. Scale bar is 50 µm. 
Copyright © 2021 Springer Nature. 
 
Fig. 2.6. Fabrication of 2,4-hexadiyn-1,6-diacrylate (HD-DA) and 1,6-hexanediol diacrylate 
(HDDA) organogel microstructures according to the 365 nm UV exposure. a,b, Bright-field 
microscope images of crosslinked HD-DA (a) and HDDA (b) microstructures according to the 365 nm 
UV irradiation time. Scale bar is 50 µm. Copyright © 2021 Springer Nature. 
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Analysis of photo-chemical reactions between acrylate and diacetylene group through 13C 
NMR spectroscopy and DFT calculations 
To investigate the photo-chemical reactions of monomers having mono-alkyne, diacetylene, 
and acrylate, we performed solution-state 13C NMR analysis for the radical polymerization of 
monomers. For the solution-based reactions, we prepared four monomer solutions containing 66 mM 
of the photo-initiator and 433 mM of either 2-hydroxyethyl acrylate (HEA), propargyl acrylate (PA), 
2,4-hexadiyn-1,6-diol (HD-DO), or 2,4-hexadiyn-1,6-diacrylate (HD-DA). We also prepared a pure 
liquid-phase 2,4-hexadiyn acrylate (HDA) monomer with 634 mM of the photo-initiator, which has the 
same composition used throughout the study, in addition, we used mono-acrylic HDA instead of di-
acrylic HD-DA. Finally, we prepared a monomer solution containing HD-DA and a photo-initiator of 
the same molar concentration (433 mM). As shown in Fig. 2.7, the terminal mono-alkyne in PA 
participated considerably in the free-radical polymerization. For the solution-phase reactions of PA, the 
peaks corresponding to carbon atoms of acrylate (C5 and C6) and terminal mono-alkyne (C1) both 
reduced substantially with increasing doses of UV. 
 
Fig. 2.7. Analysis of photo-chemical reactions of hydroxy-ethyl acrylate (HEA) and propargyl 
acrylate (PA) using 13C NMR spectroscopy. a,13C NMR spectra of HEA and PI (1:0.15 molar ratio) 
in DMSO-d solvent according to the exposure time of 365 nm UV light. The molar concentration of 
HEA is 433 mM and that of PI is 65.6 mM. b, Comparison of the peaks corresponding to carbon atoms 
of acrylate according to the exposure time of 365 nm UV light. c,13C NMR spectra of PA and PI (1:0.15 
molar ratio) in DMSO-d solvent according to the exposure time of 365 nm UV light. The molar 
concentration of PA is 433 mM and that of PI is 65.6 mM. d,e, Comparison of the peaks corresponding 
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to carbon atoms of acrylate (d) and diacetylene (e) according to the exposure time of 365 nm UV light. 
Copyright © 2021 Springer Nature. 
With respect to the diacetylene, however, from the NMR analysis, it was concluded that under 
our experimental conditions, the diacetylene participation in radical polymerization is largely limited 
(Figs. 2.8 and 2.9). For both solution-phase reactions of HD-DO and HD-DA, peaks corresponding to 
carbon atoms of diacetylene (C1 and C2) remained unchanged, whereas those corresponding to carbon 
atoms of acrylate of HD-DA (C5 and C6) reduced significantly. In particular, for the solution-phase 
reaction of HD-DA, the dose of UV365 was further increased up to ~ 15 mJ/cm2, above which the bulk 
polymer network was observed. Under this condition, we found that the conversion of acrylate reached 
~40%, which was not fully consumed, but that of diacetylene was unnoticeable. Similar results to ours 
have been reported previously using the diacetylene end-tethered with aryl groups32. In those studies, 
the radical initiator initiated diacetylene polymerization and diacetylene did not form bonds with 
propagating acrylic radicals32-34. From the NMR analysis, we concluded that under our experimental 
conditions, the diacetylene participation in radical polymerization is largely limited. 
 
Fig. 2.8. Analysis of photo-chemical reactions of 2,4-hexadiyn-1,6-diol (HD-DO) using 13C NMR 
spectroscopy. a,13C NMR spectra of HD-DO and PI (1:0.15 molar ratio) in DMSO-d solvent according 
to the exposure time of 365 nm UV light. The molar concentration of HD-DO is 433 mM and that of PI 
is 65.6 mM. b, Comparison of the peaks corresponding to carbon atoms of diacetylene according to the 
exposure time of 365 nm UV light. Copyright © 2021 Springer Nature. 
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Fig. 2.9. Analysis of photo-chemical reactions of 2,4-hexadiyn-1,6-diacrylate (HD-DA) using 13C 
NMR spectroscopy. a,13C NMR spectra of HD-DA and PI (1:0.15 molar ratio) in DMSO-d solvent 
according to the exposure time of 365 nm UV light. The molar concentration of HD-DA is 433 mM and 
that of PI is 65.6 mM. b,c, Comparison of the peaks corresponding to carbon atoms acrylate (b) and 
diacetylene (c) according to the exposure time of 365 nm UV light. Copyright © 2021 Springer Nature. 
 Next, similar to the pure liquid-phase HD-DA used to create organogels, as described in the 
manuscript, the pure liquid-phase HDA was irradiated with UV365 and was analyzed for the conversion 
(Fig. 2.10). Consistent with the solution-phase reactions of HD-DO and HD-DA, we found that the 
conversion of diacetylene (C2–C5) was negligible, whereas that of acrylate (C8–C9) was clearly 
observed. When we compared the NMR spectra of HEA, PA, HDA, and HD-DA irradiated with UV365, 
we found that the acrylate conversion was lower when diacetylene was present. A previous study using 
electron spin resonance (ESR) spectroscopy, which allows for direct observation of transient 
propagating radicals, revealed that diacetylene stabilizes methacrylic radicals, thereby retarding 
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methacrylate polymerization32. We presumed that similar radical stabilization occurred in our cases as 
well. In addition, when an equimolar amount of photo-initiator to HD-DA was used in the solution-
phase reaction of HD-DA, we observed a negligible conversion of acrylate as well as diacetylene (Fig. 
2.11). Similar results of a significant reduction in monomer conversion with excessive radical initiators 
have been reported previously35-36. 
 
Fig. 2.10. Analysis of photo-chemical reactions of 2,4-hexadiyn-acrylate (HDA) using 13C NMR 
spectroscopy. a,13C NMR spectra of pure HDA with 634 mM of PI (1:0.15 molar ratio) according to 
the exposure time of 365 nm UV light. b,c, Comparison of the peaks corresponding to carbon atoms of 




Fig. 2.11. Analysis of photo-chemical reactions of 2,4-hexadiyn-1,6-diacrylate (HD-DA) with 
equimolar PI using 13C NMR spectroscopy. a,13C NMR spectra of HD-DA and PI (1: 1 molar ratio) 
in DMSO-d solvent according to the exposure time of 365 nm UV light. The molar concentration of 
HD-DA is 433 mM and that of PI is 433 mM. b,c, Comparison of the peaks corresponding to carbon 
atoms acrylate (b) and diacetylene (c) according to the exposure time of 365 nm UV light. Copyright © 
2021 Springer Nature. 
We next sought to understand why diacetylene was rarely converted using density functional 
theory (DFT) calculations. The reaction pathways of the acrylate radical with acrylate or diacetylene 
were investigated, which was the initial step of radical polymerization of HD-DA. We found that the 
reaction of the acrylate radical with the acrylate site showed much lower activation energy compared to 
the reactions with the diacetylene site (Fig. 2.12). Moreover, we calculated the relative reactivity of the 
acrylate and diacetylene sites with their activation energies through the Boltzmann distribution (R) (i.e., 
the reaction rate constant). The equation R is as follows:  
       (4)𝑅 ≈ 𝑒((−∆𝐺a)/(𝑘B𝑇))  
where Ga is the activation energy (i.e., Ga = GTS at 298.15 K–Greactant at 298.15 K), kB is the Boltzmann 
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constant (i.e., 8.6173 × 10-5 eV/K), and T is the temperature (i.e., 298.15 K). Through Table 2.1, we 
found that the reactivity of acrylateradical+diacetylene was ~3×10-6 times less than that of 
acrylateradical+acrylate. 
 
Fig. 2.12. Investigation of reaction pathways of polymerization of HD-DA. a,b, Reaction pathways 
of polymerization of HD-DA molecules containing acrylate radical and acrylate according to the 
reaction sites (i.e., acrylate site and four sites of diacetylene) and the directions of reaction (i.e., 
perpendicular (a) and side (b) directions to the principle axis of HD-DA monomer). Relative Gibbs free 
energies (ΔG) were calculated at 1 atm and 298.15 K. Copyright © 2021 Springer Nature. 
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Table 2.1. Activation energy and reaction rate constant (R) of acrylate with acrylate radical and 
diacetylene with acrylate radical. Note that the activation energy of each reaction is the case of the 
lowest activation energy in Fig. 2.12. The ratio of rate constant between two competing reactions, R2/R1, 
where the subscripts 1 and 2 indicate acrylateradical + acrylate reaction and acrylateradical + diacetylene 
reaction, respectively. Copyright © 2021 Springer Nature. 
 
To better understand the substantially lower reactivity of the diacetylene site, we estimated the 
partial atomic charges of carbon atoms of HD-DA using Mulliken charge analysis. The acrylate site (C6 
atom of vinyl group in Fig. 2.13 = -0.178 e) showed greater negative charge compared to the acetylene 
site (C1 and C2 atoms of acetylene group in Fig. 2.13 = +0.119 e and +0.006 e). Because radical species 
react more favorably with the carbon atom possessing a greater negative charge37, the diacetylene is 
much less likely to react with acrylate radical species. Therefore, the acrylate radical polymerization of 
HD-DA occurs at the acrylate site dominantly, which is consistent with the results of our NMR 
measurements. This reactivity difference originates from the atomic charges of carbon atoms in the 
acrylate and diacetylene sites of HD-DA. 
 
Fig. 2.13. Atomic charges of carbon atoms of acetylene and acrylate sites in HD-DA molecule. 
Copyright © 2021 Springer Nature. 
Based on the 13C NMR analysis and DFT calculations, we confirmed that diacetylene groups of HD-



























Reaction (HD-DA) Activation energy (eV) Reaction rate constant (R) R2/R1 
1. acrylateradical + acrylate 0.0908 2.919×10-2 
2.789×10-6 
2. acrylateradical + diacetylene 0.4194 8.141×10-8 
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 Further irradiation of 254 nm UV light initiated 1,4-addition photo-polymerization of diacetylenes 
and created π-conjugated PDA backbones inside the crosslinked network38-40. Using all-atom molecular 
dynamics (AAMD) simulations, we found that the inter-atomic distance between carbon atoms of 
adjacent diacetylene groups in the crosslinked network became sufficiently close enough (~ 3.9 Å) to 
proceed the 1,4-addition polymerization of diacetylene41 (Fig. 2.14), suggesting that the structural 
characteristics of HD-DA have allowed PDA to be macroscopically photo-patterned in a liquid-phase 
without having to form the self-assembly structure as required in previous studies42-44.  
 
Fig. 2.14. Structure of conjugated PDA. Molecular structures estimated from the AAMD simulation 
for HD-DA monomers proceeded with the acrylic polymerization. The four carbon atoms in diacetylene 
were in yellow, and the arrows indicate the inter-atomic distance between C(1) and C(4) of the adjacent 
diacetylene. Copyright © 2021 Springer Nature. 
Solvent effects on the chain conformation and electronic properties of PDA structure 
Volume expansion ratio – defined as the volume ratio of PDA organogels in the equilibrium swelling 
to as-prepared state – decreased as the polarity or hydrogen bond ability (α) of the immersion solvent 
increased. For example, when we exchanged the solvent inside the PDMS channel from aprotic 
acetonitrile (ACN) to protic MeOH, the volume of PDA organogels crosslinked without dithering 
patterns decreased to 28 %. Interestingly, when irradiated by the peak wavelength of 488 nm, PDA 
organogels contract in solvents with higher α such as MeOH and water emitted strong fluorescence 
signals that were enhanced near the center and circumferential areas of the disk (Figs. 2.15-2.17). Such 
enhanced fluorescence signals were reversibly switched off in aprotic solvents such as 
dimethylsulfoxide (DMSO) and ACN.  
29 
 
Fig. 2.15. Bright-field (left) and fluorescence (right) microscopy images show reversible volume and 
fluorescence intensity change of disk-shaped PDA organogel microstructure crosslinked without 
dithering pattern upon exposure to ACN and MeOH. Scale bar is 50 µm. Copyright © 2021 Springer 
Nature. 
 
Fig. 2.16. Characterization of conjugated PDA organogel upon exposure to ACN and MeOH. a,b, 
UV-Vis spectra (a) and fluorescence emission spectra (b) of PDA organogels immersed in ACN and 
MeOH. Copyright © 2021 Springer Nature.  
 
Fig. 2.17. Reversible fluorescence emission of the conjugated PDA organogel microstructure upon 
a solvent exchange. Comparison of an area of top region of PDA microstructure and their fluorescence 
intensity according to the types of immersion solvents. The fluorescence intensity ratio (IMeOH/IACN) is 
inversely proportional to the area of top region in the PDA microstructure. Copyright © 2021 Springer 
Nature. 
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Fluorescence signals of PDA microstructure in various solvents 
The conjugated PDA organogel microstructure in the PDMS microfluidic device was exposed to 
various aprotic and protic solvents with different hydrogen bond abilities (α) (Table 2.2). As shown in 
Fig. 2.18a, the PDA microstructures maintained their shape in dimethyl sulfoxide (DMSO) and 
acetonitrile (ACN), and they exhibited different anisotropic contraction in protic solvents such as 
polyethylene glycol 200 (PEG 200), methanol (MeOH), and water. In addition, the PDA 
microstructures exhibited fluorescence transition as well as gel contraction upon exposure to protic 
solvents (Fig. 2.18b). The microstructure exhibited the highest fluorescence in water with the largest 
gel contraction and showed lower fluorescence as the contraction decreased upon exposure to methanol 
and PEG 200. Confocal microscopy images of the PDA microstructure in aprotic and protic solvents 
were obtained, and three-dimensional images were constructed to calculate the volume change (Fig. 
2.18c). The volume of the PDA microstructure was 50880.8 µm3 in DMSO (α = 0) and 42746.2 µm3 in 
ACN (α = 0.19). The volume changed to 20268.5 µm3 in PEG 200 (α = 0.46) and 12085.8 µm3 in MeOH 
(α = 0.93), and the largest volume change of 10019.9 µm3 (82% of DMSO) occurred when exposed to 
water (α = 1.17) (Fig. 2.18e). Confocal orthogonal microscopy images of Fig. 2.18d supported that the 
anisotropic gel contraction of the PDA microstructure was determined from the α value of the 
immersion solvents. As shown in Fig. 2.18f, exposure of the immersion solvent with the higher α 
generated a greater fluorescence transition of the PDA organogel due to the larger volume contraction. 
When protic solvents with higher α values, such as MeOH (α = 0.93) and water (α = 1.17) were 
introduced to the PDA microstructure, higher fluorescence emissions were observed. The fluorescence 
emission of the PDA microstructure increased by 3.92 times upon solvent exchange from ACN (α = 
0.19) to water (α = 1.17), while the fluorescence emission change of the microstructures was rarely 
observed in aprotic solvents with low α values. The α value of the immersion solvent was directly 
related to gel contraction, fluorescence transition, and resultant volume of PDA organogel.  




Hydrogen acceptor (β) 
Dipolarity/ polarizability 
(π*) 
Water 1.17 0.18 1.09 
Methanol 0.93 0.62 0.6 
n-butanol 0.79 0.88 0.47 
PEG 200 0.46 0.65 0.915 
Acetonitrile 0.19 0.31 0.75 
DMSO 0 0.76 1 
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Fig. 2.18. Fluorescence emission change of conjugated PDA organogel microstructure upon the 
contraction rate. a-d, Bright-field (a), fluorescence (b), 3D reconstructed confocal (c), and orthogonal 
confocal (d) microscopy images of the conjugated PDA organogel microstructure upon an exposure to 
DMSO, ACN, PEG 200, MeOH and water. e, Volume change of conjugated PDA organogel 
microstructure according to hydrogen bond ability (α) of immersion solvents. f, Fluorescence transition 
of conjugated PDA organogel microstructure plotted by fluorescent intensity ratio (IX/IACN) according 
to hydrogen bond ability (α) of immersion solvents. Scale bar is 25 µm. Copyright © 2021 Springer 
Nature. 
Using multi-scale simulations, we infer such reversible fluorescence signals are due to the reversible 
twisting of conjugated PDA backbones45 and the densification of the gel network occurred during 
contraction in MeOH. To examine the effects of PDA backbone twisting, we conducted coarse-grained 
(CG) and AAMD simulations. We constructed the ring-shape crosslinked PDA network model by 
complete conversions of diacetylene groups and diacrylate groups of 600 HD-DA monomers (Fig. 2.19). 
When the solvent to swell the network model was changed from ACN to MeOH, the radius of gyration 
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of PDA chains and thus, the void volume reduced (Fig. 2.20), resulting in the volume of the network 
model to contract to ~ 55 % of that in ACN (Fig. 2.21).  
 
Fig. 2.19. CGMD simulation for contraction and expansion of PDA organogel structure. Final 
configurations of PDA organogel structure in ACN and MeOH solvents obtained from CGMD 
simulation. Solvent beads are omitted for clarity. Copyright © 2021 Springer Nature. 
 
Fig. 2.20. Radius of gyration and molecular structure of PDA in solvent. a, Radius of gyration of 
PDA in ACN and MeOH solvents obtained from CGMD simulation. b, Representative molecular 
structure of PDA in ACN and MeOH. Structure of PDA was shown stretched and folded in ACN and 
MeOH, respectively. Green and pink colored beads represent C3H2–O and C3H4=O group. Copyright © 
2021 Springer Nature. 
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Fig. 2.21. Coarse-grained (CG) model of PDA (left) and configuration of PDA organogel structure in 
ACN/MeOH solvents (right). Light blue dashed box shows the CG model, composed of 30 diacetylenes. 
Configuration of PDA organogel in ACN (transparent color) and MeOH (solid color) are shown. 
Solvents are omitted for clarity. V is volume of organogel. Copyright © 2021 Springer Nature. 
Solvent-induced conformational changes of the PDA chain were studied using the MD simulation 
and density functional theory (DFT) calculation. When ACN was replaced by MeOH, PDA chains 
twisted by decreasing the torsional angle of conjugated backbones (Figs. 2.22 a and b), and the twisting 
of p-orbitals increased the relative energy of distorted backbones (Fig. 2.22c). A decrease of the 
torsional angle by the solvent exchange to MeOH increased the HOMO-LUMO gap of conjugated 
backbones by 0.376 eV (Fig. 2.23), which was consistent with the previous study46.  
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Fig. 2.22. a, Probability distribution of torsion angle of PDA backbone in ACN/MeOH. Solvents were 
changed sequentially from ACN (ACN 1) to MeOH and back to ACN (ACN 2). b, AAMD simulation 
models of molecular structures of PDA monomer in ACN/MeOH solvents. Blue and red dashed boxes 
show the torsion angle of PDA backbone. Torsion angle is measured with yellow highlighted carbon 
atoms. c, HOMO isosurfaces and relative energies of PDA molecules from Fig. 2.22b. Relative energies 
are calculated based on the MeOH case. The green and orange colored isosurfaces represent the positive 
and negative values of p-orbital phase, respectively. Copyright © 2021 Springer Nature. 
 
Fig. 2.23. HOMO-LUMO gap and torsion angle of PDA molecule from Fig. 2.22b to investigate p-
orbital twist by solvent exchange. Copyright © 2021 Springer Nature. 
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Additionally, both simulations and experiments showed similar trends in the shifting of the peak 
frequency of the Raman scattering. Confocal Raman spectra showed that the triple bonds at 2247.17 
cm-1 shifted to the higher frequency (2257.04 cm-1), and the double bonds at 1727.83 cm-1 moved to the 
lower frequency (1720.54 cm-1) upon contractions by water (Fig. 2.24). Moreover, we calculated the 
Raman spectra using the part of the PDA structure obtained from the MD simulation according to the 
two types of solvent (Fig. 2.25). For the PDA structure affected by the MeOH solvent, the Raman 
frequencies corresponding to the vibration modes of double and triple bonded carbons decreased 
(shifted to the left in Fig. 2.25a) and increased (shifted to the right in Fig. 2.25b), respectively, compared 
to the case of ACN solvent. This is consistent with the experimental observations. In general, 
considering the effect of torsion only, the bond lengths of double- and triple-bonded carbons are 
decreased, so that the frequencies are increased46. However, in our study, the frequencies of double 
bonded carbon decreased due to the stretch of bond length (~1.380 Ådouble bond I and ~1.382 Ådouble 
bond II in the MeOH solvent, ~1.340 Ådouble bond I and ~1.358 Ådouble bond II in the ACN solvent). We 
believe that this can be attributed to the hydrogen bonding between the oxygen of the acrylate group, 
which is near the double bond, and MeOH. To confirm this, the Raman frequency of the model system 
used in this study was also calculated according to the torsion angle (torsion angle: 180° → 90° in Fig. 
2.26). The frequencies of double and triple bonds both increased and shifted to the right as the torsion 
angle decreased, which showed the same trend as the previous report46. Moreover, the bond lengths of 
double and triple bonds were decreased (180° torsion angle: 1.381 Ådouble bond I, 1.381 Ådouble bond II, and 
1.232 Åtriple bond, 90° torsion angle: 1.373 Ådouble bond II, 1.374 Ådouble bond II, and ~1.228 Åtriple bond). Therefore, 
we can conclude that the solvent and torsion effects are dominant in the frequencies of double- and 
triple-bonded carbons, respectively. Moreover, we predict that the torsion effect of the triple bond of 
the π-conjugated backbone caused by the protic solvent, such as MeOH, affects the p-orbital twist of 
PDA. 
 
Fig. 2.24. Raman spectroscopy of PDA organogel microstructure upon a solvent exchange. a-c, 
Full spectral range (a) and magnified regions (b and c) of Raman shift in PDA organogel microstructure. 
Copyright © 2021 Springer Nature. 
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Fig. 2.25. Raman spectra of PDA structure. a,b, Calculated results of Raman spectra of PDA 
structures for C=C (a) and C≡C (b) frequency regions. The PDA structures are obtained from MD 
simulation under two types of solvent (i.e., ACN and MeOH). The Raman spectra are calculated under 
the condition of 298.15 K and 785 nm incident light with Lorentzian broadening (20.0 cm-1). Note that 
blue and red colored arrows indicate the frequencies of Raman active vibrational modes in the 
crosslinked PDA ring structure. All Raman active vibrational modes are stretching modes (right hand 
side of Raman spectra). Copyright © 2021 Springer Nature. 
37 
 
Fig. 2.26. Effect of torsion angle on Raman spectra of PDA. a,b, Calculated results of Raman spectra 
of PDA structures for C=C (a) and C≡C (b) frequency regions. The PDA structures are constructed 
according to the two types of torsion angle (i.e., 180⁰ and 90⁰). The Raman spectra are calculated under 
the condition of 298.15 K and 785 nm incident light with Lorentzian broadening (20 cm-1). Note that 
black and red colored arrows indicate the frequencies of Raman active vibrational modes in the 
crosslinked PDA ring structure. All Raman active vibrational modes are stretching modes (right hand 
side of Raman spectra). Copyright © 2021 Springer Nature. 
When a network model was constructed with fewer acrylate conversion to contract more in MeOH, 
we observed that the torsional angle further decreased (Fig. 2.27a) and the HOMO-LUMO gap 
increased more (Fig. 2.27b). Consistent with simulation results, PDA organogels that were made to 
contract less in MeOH showed substantially lower fluorescence emission as normalized to PDA density 
(Fig. 2.28). These multiscale molecular simulation results demonstrate that twisting of the conjugated 
PDA backbone from solvent-induced contraction contributes to the enhanced fluorescence intensity. 
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Fig. 2.27. a, Probability distribution of torsion angle of twisted PDA backbone with different number 
of acrylate conversion sites. b, HOMO isosurfaces and HOMO-LUMO gaps of PDA molecules with 
low (left) and high (right) volume contraction rate. Isosurface value of HOMO is 0.007 e/Å3. The green 
and orange colored isosurfaces represent the positive and negative values of p-orbital phase, 
respectively. Copyright © 2021 Springer Nature. 
 
Fig. 2.28. Volume and fluorescence emission intensity change of the conjugated PDA organogel 
microstructures with different stiffness. PDA organogels were further stiffened with interpenetrating 
network using 1,6-hexanediol diacrylate. a, Chemical structure of 1,6-hexanediol diacrylate. b,c, 
Bright-field (b) and fluorescence (c) microscopy images of six PDA/1,6-hexanediol diacrylate 
microstructures with different crosslinking density upon a solvent exchange. d, Fluorescence intensity 
ratio (IMeOH/IACN) of conjugated organogel microstructures upon solvent exchange according to a 
crosslinking density of 1,6-hexanediol diacrylate controlled by the exposure number of 365 nm UV 




Holographic signals displayed by PDA organogels and estimated from a series of 
numerical studies 
We then investigated how network densification combined with chain twisting, both of which 
resulted from contraction in MeOH, produced the characteristic fluorescence emission displayed by 
PDA organogels crosslinked without dithering patterns. When the organogels contracted anisotropically 
in MeOH, in regions devoid of thermal equilibrium formed elastic strain energy. We used finite element 
analysis (FEA) to estimate the strain field of the surface-attached organogel contracted in MeOH. The 
shape predicted for the contracted model structure agreed well with observations from laser scanning 
confocal microscopy (Fig. 2.29).  
 
Fig. 2.29. Comparison of contraction simulation result with confocal microscopy image. 3D 
simulation result (left) shows predicted deformed shape, and each cut plane of simulation result (middle) 
is matched to confocal microscopy image of contracted gel in MeOH (right). Scale bar is 25um. 
Copyright © 2021 Springer Nature. 
Because PDA organogels consist of stiff conjugated backbones and flexible alkyl chains with similar 
mass fractions, the elastic strain energy generated within the contracted model structure is mainly 
associated with the twisting of the stiff backbones, which would enhance fluorescence emission. 
Therefore, we estimated that the local enhancement of fluorescence emission in the contracted model 
structure would roughly scale with the summation of network densification and local elastic strain 
energy, [(1+vol(x,y,z))-1-1]n+·Un(x,y,z), where  vol is the volumetric strain, U is the elastic strain energy 
density calculated from the contracted model structure, and  is the adjustable weight factor. Subscript 
n indicates that the corresponding value is normalized by its maximum of the model structure. In our 
microscope, because the depth of field is greater than the entire height of the contracted PDA organogels, 
the fluorescence expression calculated at each surface-parallel z-plane is integrated along the thickness 
direction. The patterns seen in the integrated fluorescence expression (Fig. 2.30b) resembled those in 
the microscopy images (Fig. 2.30a). We attribute the enhanced fluorescence near the center to elastic 
strain energy while those in the circumferential areas is due to network densification.  
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Fig. 2.30. a,b, Organogel crosslinked without dithering pattern into a disk shape and shrunk in MeOH 
was (a) imaged using epi-fluorescence microscope and (b) simulated using FEA to predict fluorescence 
expressions resulting from network densification (left), torsional angle reduction (middle), and their 
combination (right, β = 2). Copyright © 2021 Springer Nature. 
To exploit locally non-uniform fluorescence emission from anisotropic contraction, we created PDA 
organogels two-dimensionally patterned with varying degrees of volume contraction, expecting more 
complex fluorescence patterns to emerge. Using 365nm UV light patterned with various dithering 
shapes such as hexagon, square, rhombus, horizontal, and vertical lines, we created 2D arrays of highly 
crosslinked vertical rods (~ 1 m diameter) embedded within a lightly crosslinked disk-shape matrix 
(Fig. 2.31).  
 
Fig. 2.31. Bright-field microscopy images of PDA organogel microstructure (left) composed of 2D 
arrays of highly crosslinked rods in a square dithering pattern (right, light areas) embedded in lightly 
crosslinked matrix (right, dark areas). Copyright © 2021 Springer Nature. 
In ACN, the volume expansion ratio of rods and matrix were nearly identical to be one and, therefore, 
organogels maintained their as-prepared disk shape. Because the refractive index of rods (1.504) was 
greater than the matrix (1.437) (Fig. 2.32 and see Methods for refractive index measurement), patterned 
PDA organogels in ACN exhibit 2D optical heterogeneity where the refractive index alternates along 
surface-parallel directions but is conserved along the thickness direction (Fig. 2.33). Therefore, the 
organogels act as volume phase holographic gratings (VPHG) that display strong iridescent colors via 
diffraction (Figs. 2.34-2.36).  
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Fig. 2.32. Refractive indices change of rod and matrix in conjugated PDA organogel 
microstructure upon solvent exchange. a,b, Refractive indices of rod and matrix when exposed to 
ACN (a) and water (b). Copyright © 2021 Springer Nature. 
 
Fig. 2.33. Confocal microscopy image of rod and matrix in conjugated PDA organogel 
microstructure. a, Square–patterned dithering mask composed of 72 white pixels. b, Orthogonal 
confocal microscopy image of the square–patterned PDA organogel microstructure (Carl zeiss LSM 
780, 63×). Scale bar is 10 µm. Copyright © 2021 Springer Nature. 
 
Fig. 2.34. Structural color of the patterned PDA organogel. Structural color of the patterned PDA 
organogel array was changed as the viewing angle is varied (from left to right, left panel) or as the 
solvent is exchanged between ACN and water. The spectral change of structural color with different 
viewing angle is also shown (right panel). Copyright © 2021 Springer Nature. 
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Fig. 2.35. Schematic of the imaging setup for structural color of dithering mask patterned 
organogel microstructure. Copyright © 2021 Springer Nature. 
 
Fig. 2.36. Diffraction from square dithering mask-patterned PDA organogel microstructure. a, 
Schematic of the diffraction efficiency measuring system. Transmitted and diffracted light were 
collected by the objective lens (20×/0.75 NA, Olympus) and relayed to the CMOS (CM3-U3-31S4M, 
Point Grey) camera placed at the Fourier plane by a 4-f lens pair system comprising L1 (f = 250 mm) 
and L2 (f = 100 mm). An iris was placed at a conjugate image plane to selectively measure light 
diffracted from a single PDA organogel microstructure. b, Diffraction efficiency of the first order 
diffracted light ( = ∑ 𝐼1𝑠𝑡𝑜𝑟𝑑𝑒𝑟 
/𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡) of a PDA organogel microstructure upon immersion to ACN 
was measured with respect to 405, 532 and 649 nm wavelengths. Here 𝐼1𝑠𝑡𝑜𝑟𝑑𝑒𝑟is the intensity of the 
±1 diffracted orders in the x and y directions, and 𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the intensity of light that is transmitted 
through empty regions of the sample where there were no PDA organogel structures and only the 
immersion solvents. c,d, Captured diffraction intensity patterns of a PDA organogel microstructure 
under exposure to ACN (c) and water (d). Diffracted intensity patterns for 649, 532 and 405 nm laser 
beams were assigned to the RGB colormap, respectively and displayed in a log scale. Insets show a 
magnified view of a single diffraction order. Copyright © 2021 Springer Nature. 
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When the immersion solvent was changed to water, the volume expansion ratio of the matrix became 
smaller than one and that of rods. Furthermore, because the organogel is attached at its bottom surface 
to a rigid substrate, the in-plane contraction is maximum at the top surface, resulting in bending rods 
inward. Consequently, non-uniform internal 3D distributions of elastic strain and network densification 
were generated inside patterned PDA organogels in water (Figs. 2.37 and 2.38), which acted as VPHG 
to display unique fluorescence and bright-field microscopic signals that were specific to dithering 
patterns (Fig. 2.39).  
 
Fig. 2.37. Confocal microscopy images of dithering mask patterned conjugated PDA organogel 
microstructure. a,b, Hexagon dithering mask patterned PDA organogel microstructure at bottom when 
exposed to ACN (a) and water (b). c,d, Orthogonal confocal microscopy images of hexagon dithering 
mask patterned PDA organogel microstructure when exposed to ACN (c) and water (d). Scale bar is 10 




Fig. 2.38. FEA results showing the structure of PDA organogel with arrays of highly crosslinked 
rods in a square dithering pattern. When organogel contracted in water, a three-dimensional view 
(left) and a cross-sectional view (bottom) demonstrated deflection of rods towards the center, which 
were initially aligned along the thickness direction as shown in a cross-sectional view (top). Copyright 
© 2021 Springer Nature. 
 
Fig. 2.39. Bright-field (top row) and fluorescence microscopy images (bottom row) of dithering mask 
patterned PDA microstructure fabricated by five types of masks (rhombus, square, hexagon, and 
horizontal and vertical line, from left to right) when they were exposed to ACN and water. Scale bar is 
50 µm. Copyright © 2021 Springer Nature. 
These signals had characteristics of 3D full parallax as seen with varying observation angles, 
demonstrating their holographic nature (Fig. 2.40a). Also, when compared to confocal fluorescence 
micrographs representing the physical structure of organogels, brightfield micrographs and widefield 
fluorescence micrographs showed that the light three-dimensionally focused into the shape of a starfish 
curved around an upper hemisphere is floating above the plateau of physical structure where the 
fluorescence is emanated. The 3D focused light rapidly evolved during the solvent exchange from ACN 
to water (Fig. 2.40b). The holographic mode can be switched with little crosstalk between the 3D full 
parallax signals and structural colors upon solvent exchange (Figs. 2.34 and 2.39).  
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Fig. 2.40. a, Bright-field micrographs (top row), widefield fluorescence micrographs (middle row), and 
3D reconstructed confocal fluorescence micrographs (bottom row) of PDA organogels patterned with a 
hexagon dithering mask. Organogels exposed to water were observed at varying angles (blue arrows 
indicate viewing angles). b, The series of brightfield micrographs showing the temporal evolution of 
3D focused light above the physical structure of PDA organogels patterned with a hexagonal dithering 
mask during the solvent exchange to water. Copyright © 2021 Springer Nature. 
Next, we examined whether the local fluorescence emission predicted from elastic strain 
energy and network densification and the 3D refractive index distribution could correctly explain the 
unique light signals displayed from patterned PDA organogels in water. We used FEA to predict the 
deformed shape of a PDA organogel model structure containing a square dithering pattern of highly 
crosslinked rods (Fig. 2.41), which was similar to the LSCM observation (Fig. 2.42). We inferred that 
the rod regions that were irradiated more would have a higher network density than surrounding matrix 
by roughly a factor of two as estimated from the comparison of initial weak fluorescence intensities 
between rods and matrix in ACN (Fig. 2.43). 
 
Fig. 2.41. FEA results showing that solvent exchange shrank the organogel patterned with a square 
dithering mask. Color map indicates volumetric strain. Copyright © 2021 Springer Nature. 
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Fig. 2.42. Comparison of confocal microscopy image of dithering mask patterned conjugated PDA 
organogel microstructure with deformed model structure by FEA. Orthogonal confocal microscopy 
image (left) of square dithering mask patterned PDA organogel upon exposure to water. Deformed 
structure modeled by FEA (right) shows bending of rods (red) and contraction of matrix (blue). Scale 
bar is 10 µm. Copyright © 2021 Springer Nature. 
 
Fig. 2.43. Line profile of initial fluorescence intensity of uniform PDA organogel. Uniform 
organogels which have same UV dose of rod and matrix in dithering mask patterned PDA organogel 
microstructure. Inset shows fluorescence image of uniform rod gel (left) and matrix gel (right). 
Copyright © 2021 Springer Nature. 
Based on this estimation, we approximated the locally enhanced fluorescence expression as 
{2[(1+vol)-1-1]n+·Un}r+{[(1+vol)-1-1]n+·Un}m, where subscripts r and m indicate rods and matrix, 
respectively. To match the fluorescence expression integrated along the thickness direction to 
microscopic observation, we adjusted r while conserving m to the value used in the case of organogels 
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crosslinked without dithering patterns (Fig. 2.30), resulting in r that is sufficiently greater than m (Fig. 
2.44). We infer that the larger value of r is associated with rod regions containing PDA chains that are 
more densely chemical linked to the network due to a higher acrylate conversion. As organogels 
contracted, PDA chains in matrix regions with denser chemical links to the networks would rearrange 
themselves less likely by translation or rotation but more likely by twist or bend, which increases the 
degree of the torsional angle reduction and enhances the local fluorescence. In addition, similar 
morphological changes of fluorescence emission were observed in both the model structure and 
patterned PDA organogels, most apparently the widening of the unique signal, as the volume expansion 
ratio of matrix regions reduced (Figs. 2.45-2.47). 
  
Fig. 2.44. Fluorescence expression predicted for the patterned organogel in FEA results after 
normalization by the maximum value. A relative contribution of network densification and torsional 
angle reduction to the fluorescence expression was adjusted separately for rod and matrix to match the 
fluorescence image shown in Fig. 2.39. Copyright © 2021 Springer Nature. 
 
Fig. 2.45. Bright-field and fluorescence microscopy images of dithering mask patterned PDA 
microstructures having different crosslinking densities upon an exposure of ACN and MeOH. a-
c, Rhombus (a), square (b), and hexagon (c) dithering mask were used to fabricate the PDA 
microstructure. Crosslinking densities was controlled by changing exposure time of 365 nm UV light. 
Scale bar is 50 µm. Copyright © 2021 Springer Nature. 
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Fig. 2.46. Bright-field and fluorescence microscopy images of PDA organogel microstructures 
upon exposure to solvents. a-c, Rhombus (a), square (b), and hexagon (c) dithering mask were used 
to fabricate the PDA microstructure. Scale bar is 50 µm. Copyright © 2021 Springer Nature. 
 
Fig. 2.47. Changing of signal shape with varying contraction level. Modeled fluorescence signals 
show the strongest intensity at the center of the organogel, and intensity about 0.7 shows along the cross 
shape. Radius of strong center and width of the cross get larger with higher crosslinking density, lower 
contraction level. Copyright © 2021 Springer Nature. 
We further simulated the light propagation of predicted fluorescence emission through the deformed 
model structure containing 3D optical heterogeneity. Briefly, the structured spatial profile of the 
illumination intensity was calculated at each z-plane and was then multiplied by the fluorescence 
expression predicted there (Fig. 2.48). We measured refractive indices of monolithic rods and matrix 
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imbibing ACN or water in thermal equilibrium without geometric constraints (Fig. 2.32). Assuming 
that the reduction was proportional to the level of volumetric contraction, we formulated the refractive 
index in water as R(r,m)(x,y,z) = Ri,(r,m) – A(r,m)[(1+vol(x,y,z))-1-1], where Ri,(r,m) is the refractive index 
measured in ACN and A(r,m) are proportionality constants calculated from the measurement. Using the 
3D map of refractive index, we computed the light field propagation through consecutive surface-
parallel planes along the thickness direction of the deformed model structure using the angular spectrum 
method47-49. The incident light field Ein,n(x,y) was multiplied with the phase delay from the nth z-plane 
to become the output field Eout,n(x,y) = Ein,n(x,y)·exp(i2n (x,y) l/), where n(x,y) = R(r,m) – 1.340 
is the difference between the local refractive index with the surrounding media water in the nth z-plane, 
l is the distance between adjacent z-planes, and  is the wavelength of light. The output field was 
subsequently propagated to the next n+1th z-plane where it became the incident light field (Fig. 2.48). 
This process of field propagation was repeated consecutively throughout the entire z-planes. At each z-
plane, the illumination intensity calculated as the absolute square of the optical field (Fig. 2.48b) was 
multiplied with the fluorescence expression to obtain the fluorescence signal intensity, which was 
integrated along the thickness direction. The integrated fluorescence signal intensity (Fig. 2.49a) clearly 
displayed the unique fluorescence signal as observed experimentally in Fig. 2.39. 
 
Fig. 2.48. Light propagation simulations. a, The 3D organogel structure was divided into N=90 layers. 
The local volumetric strain upon exposure to water, obtained by finite element analysis, was used to 
reconstruct the refractive index distribution of each layer L. The incident beam 𝐸in,1(𝑥, 𝑦)  was 
modeled by the condenser NA. Propagation of light through the respective layers was calculated using 
the angular spectrum method. To simulate the bright-field transmitted light, the intensity of the optical 
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field obtained for the individual plane waves per incident angle, which ranged between ±17.4o to cover 
the full illumination numerical aperture (NA) of 0.3, were incoherently summed. b, The observed 
fluorescence pattern within the organogel structure was calculated by multiplying the degree of 
fluorescence expression per layer with the illumination intensity per layer. The degree of fluorescence 
expression was calculated through FEA simulations as described in the main text. The illumination 
intensity per layer was calculated using the angular spectrum method as in Fig. 2.48 (a). Copyright © 
2021 Springer Nature. 
 
Fig. 2.49. a,b, (a) Expected fluorescence intensity based on fluorescence expression and illumination 
intensity (inset: fluorescence micrograph) and (b) expected bright-field transmitted light distribution 
(inset: bright-field micrograph) for Fig. 2.41. Copyright © 2021 Springer Nature. 
We also simulated the signal generation in the bright-field transmission micrographs. Using the same 
angular spectrum method, we computed the light propagation from a spatially incoherent light source 
(corresponding to the LED used in our experiments) that is focused through a condenser onto the 
deformed model structure with the 3D refractive index map (Fig. 2.48a). As shown in Fig. 2.49b the 
simulated transmitted light matched our observations. In light of these results, we concluded that the 
unique signals in fluorescence and bright-field micrographs originated from non-uniform 3D 
distributions of volume contraction and refractive index, which were generated by dithering patterns 
and organogel attachment to a rigid substrate. The structural non-uniformity resulted in the elastic strain, 
which led to the local enhancement of the fluorescence emission, and the optical heterogeneities resulted 
in holographic diffraction of light through PDA organogels. Our conclusion is supported by the absence 
of such holographic signals from free-standing patterned PDA organogels, which upon immersed in 
water contracted isotropically, and thus, retained 2D optical and structural heterogeneities with 
structural colors as in ACN (Fig. 2.50). Moreover, when surface-attached organogels were made of 
fluorescence monomer and 1,6-hexanediol acrylate, instead of HD-DA monomer, and patterned with 
identical dithering patterns, they did not exhibit the unique fluorescence signal, demonstrating the role 




Fig. 2.50. Bright-field, fluorescent and structural color change of dithering mask patterned PDA 
organogel microparticle. a,b, Bright-field (a) and fluorescence (b) microscopy images of hexagon 
patterned PDA organogel microparticles when they were exposed to ACN (left) and water (right). c, 
Structural color change of hexagon patterned PDA organogel microparticles upon a solvent exchange 
from ACN (top) to water (bottom). Scale bar is 100 µm for (a) and (b), and 1 mm for (c). Copyright © 
2021 Springer Nature. 
 
Fig. 2.51. Bright-field and fluorescent pattern change of dithering mask patterned 1,6-hexanediol 
diacrylate microstructures. Bright-field and fluorescence microscopy image of dithering mask 
patterned fluorescein o-acrylate attached 1,6-hexanediol diacrylate microstructure with upon exposure 
to ACN and water. Scale bar is 100 µm. Copyright © 2021 Springer Nature. 
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Cryptographic systems and flexible applications using PDA organogel microstructure 
To examine the feasibility of using patterned PDA organogels as holography-based cryptographic or 
anti-counterfeiting systems, we created different shapes of PDA organogels with varying dithering 
patterns and examined their holographic signals under bright-field and fluorescence microscope. PDA 
organogels with identical shapes but varying dithering patterns were microscopically indistinguishable 
in ACN. However, when immersed in water, these organogels displayed holographic signals that were 
unique to the shape of each dithering pattern in both bright-field and fluorescence micrographs (Fig. 
2.52).  
 
Fig. 2.52. Bright-field and fluorescence microscopy images of different shapes of PDA organogels 
patterned using one type of dithering mask, either rhombus (R), square (S), or hexagon (H). Copyright 
© 2021 Springer Nature. 
The use of hybrid dithering patterns further enriched the palette of available holographic signals (Fig. 
2.53). For example, when diamond-shape PDA organogels were patterned in binary using two out of 
three dithering masks – rhombus, hexagon, and square –the nine combinations were clearly 
distinguished from each other by the azimuthal profile of fluorescence intensity (Figs. 2.54-2.56 and 
see Methods for the azimuthal profile). Using an automated process of dithering lithography, we created 
an encrypted micro-array consisting of patterned organogels formed at specific locations among 
unpatterned organogels, displaying the hidden word "UNIST" with unique holographic signals in water 
(Fig. 2.57).  
 
Fig. 2.53. a,b, Bright-field and fluorescence microscopy images of different shapes of PDA organogels 
patterned using a binary mask composed of any two out of the three masks (rhombus (R), square (S), 
or hexagon (H)). Holographic signals are unique to the shape of the dithering pattern, forming a wide 
palette of possible signals. Copyright © 2021 Springer Nature. 
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Fig. 2.54. Encryption of multiple patterns in diamond shaped PDA microstructure using binary dithering 
mask lithography. Copyright © 2021 Springer Nature. 
 
Fig. 2.55. Decryption of 9 distinctive fluorescence patterns in Fig. 2.53 via oval profile. Copyright © 
2021 Springer Nature. 
 
Fig. 2.56. Schematic of binary dithering mask patterning and oval profile of diamond-shaped 
conjugated PDA organogel microstructures. Nine combinations of binary dithering masks. Rhombus 
(R), hexagon (H), and square (S) pattern. Copyright © 2021 Springer Nature. 
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Fig. 2.57. Encryption of letters “U-N-I-S-T” using rhombus dithering mask exhibits unique patterns at 
individual microstructures (shown in red dotted box). Copyright © 2021 Springer Nature. 
A PDA organogel microstructure exhibiting shape morphing and structural color and 
fluorescence emission change 
When the patterned organogels were detached from underlying substrates and exposed to water, they 
actuated by locally bending along the direction settled by the shape of dithering pattern and showed 
enhanced fluorescence in regions experiencing large deformations (Fig. 2.58 and 2.59). 
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Fig. 2.58. Fabrication process of shape morphing PDA organogel microstructure. Copyright © 2021 
Springer Nature. 
 
Fig. 2.59. A PDA organogel microstructure reversibly actuating and displaying structural color 
and fluorescence emission in response to a solvent exchange. a, A dithering mask used for the 
organogel microstructure (a square dithering pattern for petals) (left), bright-field and fluorescence 
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micrographs (middle), and structural color displayed by a flower-like PDA organogel upon exposure to 
ACN (right). b, Fluorescence emission of a flower-like PDA organogel irradiated with (top) or without 
(bottom) 254 nm for diacetylene polymerization. c, Bright-field and fluorescence micrographs of a 
flower like PDA organogel immersed in water (a side-view). d, Vertical, horizontal, and diagonal 
dithering patterns applied to petals of flower-like PDA organogels (top) and corresponding bright-field 
micrographs (middle and bottom). When exposed to MeOH, petals bent along the direction settled by 
each dithering pattern, which produced in-plane swelling mismatch. Scale bars are 100 µm. Copyright 
© 2021 Springer Nature. 
 In ACN, patterned PDA organogels displayed strong structural colors because the periodicity of the 
refractive index was conserved along the thickness direction. These structural colors can be reversibly 
switched on and off in selective areas when micro-arrays of disk-shaped PDA organogels were created 
with varying directions of periodicity. For example, when a micro-array was created with organogels 
patterned with horizontal lines on one side and with vertical lines on the other side, structural colors 
were visible only in one side where the direction of incident light was parallel to that of the periodicity 
and the other side when the direction of the incident light changed by 90o (Figs. 2.60 and 2.61). 
Contrarily, organogels with bidirectional periodicity, for example, a square dithering pattern, retained 
both the tone and intensity of structural colors when the direction of incident light changed by 90o. 
Accordingly, by selectively locating organogels with varying directions of periodicity, we created a 
microarray that displays the letter changing from T to S (or E) and vice versa as the incident light rotates 
by 90o (Figs. 2.62 and 2.63).  
 
Fig. 2.60. Microarray consisting of organogels patterned with horizontal lines on the right of the red 
dotted line and vertical lines on the other side display selective structural color depending on the 
direction of incident light. Copyright © 2021 Springer Nature. 
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Fig. 2.61. Structural color turn on-off according to the direction of incident light. a, Horizontal 
lined dithering mask pattern image. b,c, Bright-field microscopy images of horizontal lined dithering 
mask patterned PDA organogel microstructure upon exposure to ACN by 20× (b) and 100 × (c) 
objective. d, Vertical lined dithering mask pattern image. e,f, Bright-field microscopy images of vertical 
lined dithering mask patterned PDA organogel microstructure upon exposure to ACN by 20× (e) and 
100 × (f) objective. g, Schematic of selective patterning of horizontal and vertical lined dithering mask 
patterned microarray. h, Selective structural color and iridescence according to the direction of incident 
light. Scale bar: 100 µm (b) and (e), 10 µm (c) and (f) and is 1 mm (h). Copyright © 2021 Springer 
Nature. 
 
Fig. 2.62. Dynamic flip-flop structural color systems displaying letter changes from T to E and T to S. 
Copyright © 2021 Springer Nature. 
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Fig. 2.63. Schematic of letter transition according to the direction of incident light. a, Fabrication 
of letter transition systems using four types of dithering masks. Hexagon dithering mask pattern (green 
dot) represents always on. Vertical (blue dot) and horizontal (red dot) dithering mask represents 
selective on-off of structural color according to the 90 angle of incident light. Black dot dithering mask 
represent no structural color. b, Letters transition from T to S according to the direction of incident light 
and their iridescence color upon the observation angle. c, Fabrication of letter transition systems using 
three types of dithering masks. Hexagon dithering mask pattern (green dot) represents always on. 
Vertical line dithering mask (blue dot) represents selective on-off of structural color according to the 
90 angle of incident light. Black dot dithering mask represent no structural color. d, Letters transition 
from T to E according to the direction of incident light and their iridescence color upon the observation 
angle. Scale bar is 1mm. Copyright © 2021 Springer Nature. 
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Such structural colors were reversibly switched on and off through solvent exchange as well (Fig. 
2.63). Our holographic microarrays can also be prepared as a flexible free-standing film by embedding 
microarrays inside conventional photo-curable resin, extending its use in portable systems requiring 
cryptography or anti-counterfeiting technology (Fig. 2.64). 
 
Fig. 2.64. Cryptographic letter system using patterned PDA microstructure. Selective patterning 
of conjugated PDA organogel for structural color and 1,6-hexanediol diacrylate organogel for blank 
results in hidden letter encryption. Structural colored letter “S” was displayed upon exposure to ACN. 
Scale bars are 1 mm (left) and 100 µm (right). Copyright © 2021 Springer Nature. 
 
Fig. 2.65. Free-standing flexible films with embedded holographic lettering fabricated using 
conventional biocompatible PEG-DA resin. Copyright © 2021 Springer Nature. 
Encryption of PDA organogel matrix with multiple structural colors 
To further demonstrate the practical applicability of our system, we have created the array of 
square-shaped PDA organogel matrices encrypted with multiple structural colors by changing the shape 
and pitch of the dithering pattern in each element (Fig. 2.66). Due to the wide varieties of the matrix 
size and the structural color of each element (Fig. 2.67 and Fig. 2.68), the number of codes encryptable 
in a single organogel matrix is virtually unlimited. For example, when the 5-by-5 organogel matrices 
were patterned with four structural colors including black indicating no light interference, we can create 
425, or roughly 1015 numbers of encryption codes. This number is substantially greater than those 
reported in previous studies50-53, where the number of available code was limited by the number of 
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color-generating materials, e.g. fluorescence dyes or inorganic nanoparticles of different types, and the 
dimensionality of pattern that is typically one in conventional flow lithography52. Contrarily, we have 
used a single material, the HD-DA monomer, to create two-dimensional encryption patterns of multiple 
(>10) colors, demonstrating the practical applicability of our method. The hidden secondary code was 
displayed as well by rotating the imaging device or organogel matrices by 90o (Figs. 2.67-2.70). 
 
Fig. 2.66. a, A schematic diagram of encryption process that generates a specific dithering pattern in 
each element of organogel matrix. b, Example codes (left), corresponding structural colors displayed 
by encoded organogel matrices (middle), and their bright-field micrographs (right). Copyright © 2021 
Springer Nature. 
 
Fig. 2.67. Structural color displayed by encoded organogel matrices with varying matrix size. 0o and 




Fig. 2.68. Encrypted information, structural color, bright-field image, and maginified bright-field images of 
PDA organogel microstructures in Fig. 2.64. Scale bars are 100 µm for bright field images and 5 µm for 
magnified bright field images. Copyright © 2021 Springer Nature. 
 
Fig. 2.69. Structural colors displayed by 4×3 micro-array of 4×4 encoded organogel matrices. Scale bars 
are 200 µm. Copyright © 2021 Springer Nature. 
 
Fig. 2.70. Encrypted information (left) and structural color (right) of PDA organogel microstructures in Fig. 
2.66. Scale bar is 200 µm. Copyright © 2021 Springer Nature. 
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The organogel matrices can be prepared as a large scale flexible free-standing film (Fig. 2.71) 
or free-floating particles (Fig. 2.72), demonstrating the broad applicability of our method. Additionally, 
our method using a fully automated process of dithering lithography can produce ~ 105 different codes 
per hour, demonstrating a high-throughput beneficial for practical use. 
 
Fig. 2.71. An array of structural color displayed by an imprinted flexible PDMS film. Scale bar is 200 
µm. Copyright © 2021 Springer Nature. 
 
Fig. 2.72. Encoded organogel matrices in the form of free-floating microparticles. Scale bar is 200 µm. 
Copyright © 2021 Springer Nature. 
Finally, we have developed an automated color-encoding process that converts digital color 
images to dithering patterns (Fig. 2.73 and See Methods for details). Consequently, multi-color 
holograms of masterpieces were created with a spatial resolution as high as ~ 8,500 pixels of structural 
colors per inch (Figs. 2.74-2.76). Our PDA organogel is also highly transparent to be used as a 
transmission volume phase holographic grating (Fig. 2.77).  
 
Fig. 2.73. A computer-assisted method to convert digital color images to structural color encrypted 
holograms. Scale bar is 200 µm. Copyright © 2021 Springer Nature. 
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Fig. 2.74. Structural color encrypted PDA organogel micro-particles displaying The Starry Night, Van 
Gogh self-portrait, and Sunflowers by Vincent van Gogh, The Scream by Edvard Munch, and The Kiss 
by Gustav Klimt. Scale bar is 200 µm. Copyright © 2021 Springer Nature. 
 
Fig. 2.75. Selective structural color change of masterpiece encrypted microstructures by changing the 
viewing angle. Scale bar is 200 µm. Copyright © 2021 Springer Nature. 
 
Fig. 2.76. Structural color (top), bright-field (middle), and maginified bright-field (bottom) images of 
masterpiece encrypted microstructures. Scale bars are 200 µm (top) and 5 µm (bottom). Copyright © 
2021 Springer Nature. 
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Fig. 2.77. Transmittance of photo-crosslinked HD-DA film. Copyright © 2021 Springer Nature. 
In conclusion, we have invented a thin and flexible optical system that has a 2D grating 
function when expanded in aprotic solvents and 3D refractive index anisotropy when contracted in 
protic solvents. Our two-dimensionally patterned PDA organogels rapidly and reversibly display either 
unique 3D full parallax signals or structural colors in different solvents. This ability to reversibly expand 
and contract the polymeric structure enabled three holographic modes to be displayed in a single 
architecture, forming new polymeric hologram systems. Such holographic features originated from 
unique molecular and structural properties of our systems, which were theoretically studied by multiple 
simulations. Contrary to previous methods using expensive techniques such as an E-beam lithography 
to create holograms51, our method is accessible and reproducible due to simple material synthesis, low 
costs of devices, and visibility using a portable imaging device (Figs. 2.78-2.80). Using the method, the 
organogel microstructures with almost unlimited number of high-resolution structural color codes can 
be produced with high throughput, demonstrating that our method has brought considerable progress in 




Fig. 2.78. Structural color on-off PDA organogel microstructures patterned with two types of line 
dithering mask (horizontal and vertical line). The letter encryption (top) and the section-based 
encryption (bottom) systems. Scale bars are 200 µm. Copyright © 2021 Springer Nature. 
 
Fig. 2.79. Selective structural color changing of PDA organogels by rotating the portable imaging 
device. Copyright © 2021 Springer Nature. 
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Fig. 2.80. a, A flexible free-standing PDMS film encoded with Van Gogh self-portrait hologram and 
attached to a beer bottle. b, A use of a portable device to selectively display structural colors of Van 
Gogh self-portrait holograms. Scale bar in (a) is 200 µm. Copyright © 2021 Springer Nature. 
2. 3 Experimental section 
Materials. 2,4-hexadiyn-1,6-diol (GFS chemicals, 97 %), tri-ethyl amine (Sigma-Aldrich, 99.5 %), 
acryloyl chloride (Sigma-Aldrich, 97 %), tetrahydrofuran (THF, Sigma-Aldrich, anhydrous 99.8 %), 
acetonitrile (Sigma-Aldrich, anhydrous 99.8 %), methanol (Sigma-Aldrich, anhydrous 99.8 %), 
dimethylsulfoxide (Sigma-Aldrich, 99.5 %), dimethylformamide (Sigma-Aldrich, anhydrous 99.8 %), 
1,6-hexanediol diacrylate (Sigma-Aldrich, 80 %) and 2-hydroxy-2-methylpropiophenone (Darocur 
1173, Sigma-Aldrich, 97 %). All chemicals were used without further purification. 
Fabrication of conjugated PDA organogel microstructures. Conjugated organogel microstructures 
were fabricated with a customized Digital Micromirror Device (DMD) based mask-less 
photolithography system. 2,4-hexadiyn-1,6-diacrylate (HD-DA) was mixed with photo-initiator 
(Darocur 1173) by 9:1 (v/v). The precursor monomer solution was flowed into acrylated PDMS 
microfluidic channel and crosslinked by DMD patterned 365 nm UV light (11.44mW/ mm2, SOLIS-
365C, Thorlabs) through 20× objective (S plan Fluor ELWD, Nikon). The size and shape of conjugated 
organogel microstructure was controlled with DMD software (NIS-Element AR4.50.00). Crosslinked 
diacetylene organogel microstructure was further exposed to 254 nm UV light (2.21mW/ cm2) for 30 
mins to induce 1-4 addition photopolymerization resulting in a conjugated backbone. 
Process of dithering mask lithography. Five dithering masks (hexagon, square, rhombus, horizontal 
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line, and vertical line) were programmed with MATLAB (MathWorks) by changing the periodicity of 
black and white pixels. Photocrosslinking of HD-DA was achieved by dithering masks patterned 365 
nm UV light (11.44mW/ mm2, SOLIS-365C, Thorlabs) through 20× objective (S plan Fluor ELWD, 
Nikon) using an inverted microscope (Ti-E, Nikon). 
Azimuthal profile of dithering mask patterned PDA organogel microstructures. Oval profile plug-
in in Image J was used to numerically evaluate the fluorescent intensity of each pattern by oval 
orientation from 0 to 2π. The resulting oval profile were graduated with gray-scale color map using 
MATLAB (MathWorks). 
Fabrication process of structural color encrypted microstructures. Four types of dithering patterns 
(two types of diagonal lines, horizontal lines, and vertical lines) were designed by changing the 
periodicity of black and white pixels using MATLAB (MathWorks). Then each dithering mask was 
assigned to red, green, blue and black colors respectively. The colors were randomly arranged in the 
shape of a chessboard. Finally, using MATLAB (MathWorks), the structural color encoded dithering 
mask was created by matching the dithering pattern to each color. Structural color encrypted 
microstructures were fabricated with a customized digital micromirror device (DMD) based mask-less 
photolithography system using structural color encoded dithering masks. 2,4-hexadiyn-1,6-diacrylate 
(HD-DA) were mixed with photo-initiator (Darocur 1173) by 9:1 (v/v) and photo-crosslinked on the 
acrylated glass slide covered with the polydimethylsiloxane (PDMS) coated glass slide by dithering 
masks patterned 365 nm UV light (11.44mW/mm2) through 20× objective. 
Synthesis of 2,4-hexadiyn-1,6-diacrylate (HD-DA). To a solution of 2,4-hexadiyn-1,6-diol (1.00 g, 
9.10 mmol) in tetrahydrofuran (50 mL) and triethylamine (2.29 g, 22.70 mmol) at room temperature, 
acryloyl chloride (2.47 g, 27.30 mmol) was added dropwise for 30 min. The resulting solution mixture 
was stirred for 4 h at 25 °C. After being concentrated in vacuo, the residue was dissolved in ethyl acetate 
and extracted using water three times, dried with MgSO4, and filtered. The solvent was removed under 
a vacuum, and the residue was further purified using silica gel column chromatography (hexane/ethyl 
acetate = 5/1) to yield 1.10 g (56%) of the desired diacetylene monomer HD-DA as a transparent yellow 
liquid. 1H nuclear magnetic resonance (NMR) spectra were recorded on a 400 MHz FT-NMR 
spectrometer (Bruker). NMR multiplicities are abbreviated as follows: s = singlet and dd = doublet of 
doublets. 1H NMR (400 MHz, Chloroform-d) δ 6.40 (dd, J = 17.3, 1.3 Hz, 2H), 6.07 (dd, J = 17.3, 10.5 
Hz, 2H), 5.84 (dd, J = 10.5, 1.3 Hz, 2H), and 4.76 (s, 4H). 13C nuclear magnetic resonance (NMR) 
spectra were recorded on a 101 MHz FT-NMR spectrometer (Bruker). 13C NMR (101 MHz, DMSO-d) 
δ 165.01, 133.28, 127.72, 75.50, 69.74, and 52.62. 
Microfluidic device fabrication. Polydimethylsiloxane (PDMS, Sylgard) microfluidic channels were 
68 
fabricated through soft lithography1. Briefly, PDMS was mixed with a curing agent in a 10:1 ratio and 
degassed in vacuo for 20 min. The mixture solution was poured onto the SU-8 master and cured at 70 °C 
for 2 h. A glass slide (Deckglaser, 24 mm × 60 mm) was rinsed through sonication in ethanol and acetone 
for 15 min, incubated in 1 M NaOH solution for 1 h, and rinsed with deionized water. The PDMS 
channel and glass slide were treated using an oxygen-plasma process (FEMTO SCIENCE, CUTE-
1MPR) for 1 min (100 W, 80 sccm). The PDMS channel was attached to a glass slide and heated at 
90 °C for 2 h. A 2% (v/v) solution of 3-(trimethoxysilyl)propyl acrylate (TMSPA) was flowed into the 
PDMS channel and incubated for 30 min. The PDMS channel was rinsed with ethanol and heated at 
90 °C for 30 min in a vacuum oven. 
Acrylation of the glass slide. The glass slide was sonicated in ethanol and acetone for 15 min and 
incubated in 1 M NaOH solution for 1 h. After rinsing with deionized water, the glass slide was 
incubated in 3-(trimethoxysilyl)propyl acrylate (TMSPA) solution (2% in EtOH) for 30 min. The glass 
slides were rinsed with ethanol and heated at 90 °C for 30 min in a vacuum oven. 
Fabrication process of PDA/1,6-hexanediol diacrylate interpenetrating microstructure. PDA/1,6-
hexanediol diacrylate-interpenetrated microstructures were fabricated using a customized digital 
micromirror device (DMD) based mask-less photolithography system. 2,4-hexadiyn-1,6-diacrylate 
(HD-DA) was mixed with a photo-initiator (darocur 1173) by 9:1 (v/v). The precursor monomer 
solution was flowed into the acrylated PDMS microfluidic channel and crosslinked using 365 nm UV 
light (11.44 mW/mm2, SOLIS-365C, Thorlabs) through a 20× objective (S plan Fluor ELWD 20× DIC 
N1, Nikon). The conjugated backbone of the fabricated PDA microstructure was photopolymerized 
upon irradiation with 254 nm UV light (2.21 mW/cm2) for 30 min. The uncrosslinked HD-DA was 
rinsed with ACN, and 1,6-hexanediol diacrylate monomer solution mixed with a photo-initiator in a 
ratio of 9:1 (v/v) was flowed into the microfluidic channel. The interpenetrating 1,6-hexanediol 
diacrylate network was crosslinked using 365 nm UV light, and the crosslinking density was controlled 
by adjusting the exposure number to 365 nm UV light (3.81 mW/mm2, 300 ms). 
Imaging. Bright-field and fluorescence microscopy images were captured through 4× (Plan Fluor, 
Nikon), 10× (Plan Fluor, Nikon), and 20× objectives (S plan Fluor ELWD, Nikon) using a charge-
coupled device (CCD) camera (CoolSNAPTM MYO, Photometrics). Fluorescence microcopy images 
were obtained using an excitation bandpass filter (483 nm CWL/31 nm Bandwidth, Edmund 25 optics) 
and emission bandpass filter (535 nm CWL/43 nm Bandwidth, Edmund optics). Confocal microscopy 
images were obtained using a confocal microscope (LSM 780 configuration 16 NLO, Carl Zeiss) with 
a 488 nm excitation laser source. Stacked 3D images were reconstructed using the IMARIS software 
(Bitplane AG). SEM images were obtained using scanning electron microscopy (SEM) (HITACHI S-
4800). The structural color images were captured using a CCD camera (iPhone XS, Apple). The angle 
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of incident light was 14°, and the angle (θ) between the microarray and CCD camera was increased by 
1°.  
Characterization. UV-Vis absorption spectra were measured using a UV-Vis microspectrometer 
(CRAIC, 20/20 PV). Fluorescence emission spectra were measured using a laser scanning confocal 
microscope (FV1000, Olympus). Raman spectra were measured with a confocal laser Raman 
microscope (RAMANplus, Nanophoton) using 785 nm laser excitation. Raman spectra were recorded 
using a 300 l mm-1 grating and collected using a 50× objective (CFI L Plan EPI CR) with a laser power 
of 113.41 mW and an exposure time of 24 s. Reflectance spectra were measured using a compact fiber 
optic spectrometer (KESHET-PHOTON). Refractive indices were measured over the spectral range of 
370–1000 nm using an ellipsometer (M-2000V, J. A. Woollam). X-ray photoelectron spectroscopy (XPS, 
Thermo scientific, ESCA Probe) spectra were acquired with a normal emission geometry using 
conventional monochromatic Al Kα radiation (hν = 1486.6 eV). The pass energy was 50.0 eV. The 
transmittance spectrum was measured using a UV-Vis spectrometer (Cary 8454, Agilent Technologies). 
AFM nanoindentation of PDA organogels. The Young’s modulus of the PDA organogel immersed in 
methanol was measured using an atomic force microscope (AFM, NX-10, Parksystems). We used a 
gold-coated, silicon nitride cantilever with a tetrahedral tip (BioLever mini, BL-AC40TS-C2, spring 
constant = 0.09 N/m, Olympus), which, according to the manufacturer, exhibited enhanced sensitivity 
in measuring the force-distance curve in a liquid environment. The indentation was performed at a 
maximum loading force of 2.54 nN and a loading speed of 1 μm/sec. The Young’s modulus was 
calculated by fitting the measured force-distance curve to the Hertzian contact model with a conical 
indenter using a data analysis software (XEI, Parksystems). The calculated Young’s modulus was 1.56 
± 0.28 MPa and 0.88 ± 0.07 MPa (n > 14) for the PDA organogels uniformly crosslinked to the level of 
matrix and rod, respectively. 
Finite element analysis (FEA). The hygroscopic swelling feature in the COMSOL Multiphysics 
software (version 5.3a) was used to simulate solvent-induced deformation of the PDA organogel. For 
rods and matrix, the change in solvent concentration in the model structure upon solvent exchange was 
calculated based on the volume expansion ratio measured for the PDA organogels crosslinked without 
dithering patterns to the level of rod or matrix. The volume change of the PDA organogel upon solvent 
exchange, as measured using laser scanning confocal microscopy, was sufficiently low for the model 
structure to be considered as a linear elastic material21. The dimensions of the model structure before 
deformation, including the radius of the disk-shaped matrix, the width of rods in a square cross-section, 
and the height of rods and matrix, which were 30 m, 1.25 m, and 30 m, respectively, closely 
matched those of the patterned PDA organogel immersed in ACN. The bottom surface of the model 
structure was set by a fixed constraint, similar to the patterned PDA organogel attached to the glass 
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substrate. 
For the model structure, a steady-state equation of motion in the absence of the body force is 
 
where S is the second Piola-Kirchhoff stress tensor and F is the deformation gradient tensor. In the 
presence of the inelastic strain due to hygroscopic swelling, the constitutive equation for the case of 
geometric nonlinearity is 
  
where ε is the Green-Lagrange strain tensor, 𝐶 is the elasticity tensor, J is the determinant of F, and 
subscripts el and inel indicate the elastic and inelastic components, respectively. 𝐹inel is defined as 
𝐼 + εinel, where 𝐼 is the identity matrix and εinel is the hygroscopic swelling, which can be calculated 
from the measured values of the volume expansion ratio of PDA organogels (Fig. 2.29). Using the 
definition of the Green-Lagrange strain tensor and the decomposition of the deformation gradient tensor, 




T𝐹el − 𝐼)  and  𝐹el = 𝐹𝐹inel
−1  
the equation of motion can be solved numerically. The elasticity tensor was calculated from the Young’s 
modulus and Poisson’s ratio, which were, respectively, measured using the AFM nanoindentation 
method as described in the Supplementary Methods and assumed to be 0.33, which is typical for the 
polymer network with stiff backbones54. 
Fabrication process of free-standing PEG-DA film with embedded PDA organogels. The PDA 
organogel microstructures were fabricated using a customized digital micromirror device (DMD) based 
mask-less photolithography system using a hexagon dithering mask. The HD-DA monomer solution 
was photo-crosslinked by irradiating with 365 nm UV (11.44 mW/mm2) at the desired positions using 
LabVIEW, and as a result, PDA organogels exhibiting structural color lettering were fabricated. After 
removing the uncrosslinked monomer solution using ACN, the PEG-DA resin solution was poured into 
the PDA organogels. After photo-crosslinking was conducted under 365 nm UV (0.03254 mW/mm2, 10 
s), the PEG-DA films with embedded PDA organogels were detached from the glass slide.  
Fabrication of shape-morphing PDA organogel microstructures. 2,4-hexadiyn-1,6-diacrylate (HD-
DA) was mixed with a photo-initiator (Darocur 1173) in a 9:1 (v/v) ratio. As shown in Fig. 2.29, the 
precursor HD-DA monomer was dropped on the PDMS-coated glass slide, and a glass slide with a 70 
(1)    0 = 𝛻 ∙ (𝐹𝑆)T 




m thickness spacer was placed over the PDMS-coated glass slide. The petal regions were photo-
crosslinked using the desired dithering masks under 365 nm UV (11.44 mW/mm2) irradiation for 8000 
ms, and the synthesized petal-shaped microstructure adhered to a glass slide with a crosslinking density 
gradient along the thickness direction. After the glass slide was flipped over, an additional crosslinking 
process was carried out with a ring-shaped mask under 365 nm UV (11.44 mW/mm2, 2000 ms) to inhibit 
the detachment of the microstructure from the glass slide when removing the PDMS top. The PDMS-
coated glass slide was replaced with the acrylated glass slide, the center region was further photo-
crosslinked with a circular mask under 365 nm UV (11.44 mW/mm2, 2000 ms), and the fabricated 
microstructure was covalently bound to the acrylated glass slide. Finally, 1,4-addition polymerization 
of flower-like shape morphing microstructure was carried out upon exposure to 254 nm UV light. 
Fabrication process of structural color encrypted microarray systems. Microstructures were 
fabricated using a LabVIEW controlled DMD based mask-less photolithography system. The precursor 
monomer solution was photo-crosslinked by irradiating with 365 nm UV while moving an optical stage, 
and as a result, 12 different types of structural color encrypted microstructures in a 4×3 array were 
fabricated (Fig. 5d). Note that the dithering mask for one microstructure consists of 4 types of dithering 
patterns (i.e., horizontal, vertical line, and 30° and 60° diagonal line patterns). 
Fabrication of the structural color encrypted PDMS film. The surface of the HD-DA microstructures 
was treated with oxygen plasma (FEMTO SCIENCE, CUTE-1MPR) for 1 min (50 W, 20 sccm) and 
coated with 1H,1H,2H,2H-pefluorooctyl trichlorosilane through vapor deposition. A mixture of PDMS 
and a curing agent was poured into a surface-modified HD-DA hologram microstructure array in a 10:1 
ratio, and spin coating (500 rpm for 10 s) was performed to prepare a uniform PDMS film. After curing 
at 70 °C for 2 h, the PDMS film was detached. 
Fabrication of the structural color encrypted microparticles. Encrypted microparticles were 
fabricated in a PDMS microfluidic channel using a stop-flow lithography technique23. Briefly, the 
precursor HD-DA monomer was flowed into a microfluidic channel and photo-crosslinked through the 
dithering mask patterned 365 nm UV irradiation. 
2.4 Conclusion 
In conclusion, we developed a conjugated organogel that reversibly displays 3 modes of holograms in 
a single architecture. Using dithering mask lithography, we realized two-dimensional patterns with 
varying crosslinking density on a conjugated polydiacetylene. In protic solvents, the organogel contracts 
anisotropically to develop optical and structural heterogeneities along the third dimension, displaying 
holograms in the form of three-dimensional full parallax signals, both in fluorescence and bright-field 
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microscopy imaging. In aprotic solvents, these heterogeneities diminish as organogels expand, 
recovering the two-dimensional periodicity to display a third hologram mode based on iridescent 
structural colors. Our study presents a next-generation hologram manufacturing method for multi-level 
encryption technologies. 
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3.1 Introduction 
Polydiacetylene (PDA), one of the conjugated polymers, has been widely studied for development of 
bio/chemo-sensor platforms due to its unique optical properties that cause blue-to-red color change and 
red fluorescent emission in response to external stimuli1–5. It is well known that photo-induced 
polymerization converts diacetylene monomers to blue-colored conjugated PDA via 1,4-addition 
reaction. PDA generally has an absorption maximum at 650 nm corresponding to blue color. Upon 
exposure to external stimuli, PDA is known to change color from blue to red with subsequent red 
fluorescent emission, thereby demonstrating the dual signaling capacity1,2. These unique optical 
transitions are likely triggered by conformational changes in the conjugated backbone of PDA induced 
by a variety of external stimuli1-3. Many selective and sensitive PDA sensor platforms have been 
extensively studied by utilizing this unique optical property to detect pH6, temperature7–10, mechanical 
stress11,12, and biological molecules13,14. These platforms have been developed to detect various types 
of targets by fabricating spherical liposomes1,2,15–18, and mono/bilayers19,20, or by carrying them in 
polymer matrices21,22. 
Conventional design principles for the selective PDA sensors have been applied by covalently 
attaching a receptor moiety to the head group of diacetylene monomers that specifically interacts with 
the target to prevent non-specific interactions with any analogs1,2,15–18. Many researchers have 
succeeded in developing selective PDA sensor platforms to a certain extent using the above mentioned 
specific lock-and-key interactions between receptor and target molecules1,2,13–18. The design studies of 
the receptor-target interactions to generate a selective detection capability on PDA sensor systems have 
mostly focused on chemically or structurally similar target analogs. However, for most PDA sensors, 
external stimuli such as temperature, mechanical agitation, organic solvents, acids, and bases result in 
selectivity loss and induce a non-specific blue-to-red color change due to the dissociation of the 
supramolecular PDA assembly into individual PDA fragments23. Recently, protective layer24 and 
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electrospun fiber25,26 methods have been introduced to update the design principle to produce stable 
PDA sensor platforms. Despite these improvements, however, PDA systems still have critical 
disadvantages for practical application because they produce non-specific color change when heated26 , 
treated with organic solvents24,25, and under mechanical stresses11. Moreover, most PDA systems have 
an intrinsic disadvantage due to the fluorescence emission efficiency being very low27, and there have 
been no practical sensor platforms utilizing both colorimetric and fluorescence signals that can be 
utilized during the day and at night. Although much effort has been made to develop dual signaling 
PDA sensor systems28–30 using organic fluorescent dyes and quantum dots, most sensor platforms are 
solution-based and not suitable for portable detection systems. Furthermore, organic dyes or quantum 
dots used in current dual sensor systems are very unstable when exposed to external perturbations such 
as organic solvents, acids, bases, moisture, light, and heat31–33. Therefore, it is imperative to develop a 
PDA sensor system that is sufficiently stable to maintain its blue phase in harsh environments and 
exhibits detectable fluorescence and colorimetric signals required for practical and stable dual signaling 
sensor applications. 
Herein, we address this challenge by using a universal PDA sensor platform with a dual signaling 
capability that makes the supramolecular structure of PDA sufficiently stable to withstand external 
perturbations and perform selective colorimetric and luminescence change–based dual signaling of CN. 
The strong intercalation of metal ions and hydrophobic intermolecular interaction have been utilized to 
build highly stable PDA supramolecules exhibiting an unprecedented optical stability. Upconverting 
nanocrystals (UCNs) with a superior optophysical stability have also been incorporated into the highly 
stable PDA sensor system to counter the intrinsically weak fluorescence emissions of PDA systems and 
enable practical colorimetric and luminescent dual signaling in an orthogonal manner. Lastly, to extend 
the applicability of UCNs/PDA sensor systems to real field applications, we developed a portable device 
for CN anion detection based on the recognition of luminescence color changes of these systems. The 
obtained results clearly demonstrate the validity and effectiveness of our approach and can provide 
insights into a universal design principle for a stable and practical dual signaling PDA sensor platform 







3.2 Results and Discussion 
 
Fig. 3.1. The schematic of fabricating highly stacked PCDA-Co nanoplates. a, Synthesis of PCDA-Co 
with 10,12-pentacosadiynoic acid (PCDA) and cobalt dihydroxide (Co(OH)2). b, Stage 1: color change 
of isolated PCDA-Co nanoplates upon addition of acids, bases, and organic solvents. c, Stage 2: Color 
change of agglomerated PCDA-Co nanoplates upon addition of organic solvents. d, Stage 3: Color 
change of highly stacked PCDA-Co nanoplates upon addition of CN ions. e, Absorbance overlap of 
PCDA-Co supramolecules with luminescence of UCNs. f, Dual signaling by luminescence and color 
change of UCNs/PCDA-Co nanoplate composite film upon addition of CN ions. Copyright © 2020 
American Chemical Society. 
We synthesized a PDA supramolecular complex having divalent metal cations by intercalating the 
latter into 10,12-pentacosadiynoic acid (PCDA) diacetylene monomers (Fig. 3.1a). Among variety of 
divalent metal ions, Co2+ was used to enhance the stability of the PDA sensor and facilitate its function 
as a receptor featuring strong interactions with CN anions, which are commonly found in drinking 
water34,35. Cobalt has been used to synthesize antidotes such as hydroxocobalamin, and dicobalt edetate 
that can efficiently detoxify CN poisoning in blood stream36. Cobalt ions rapidly chelate with CN anions 
to form cobalt-cyanide (Co-CN) complexes, that ultimately produces a nontoxic cyanocobalamin, 
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which is then excreted in the urine37,38. Earlier work has demonstrated that repulsion between the probe 
and target complexes at the PDA supramolecular structure, induces conformational changes in the 
conjugated backbone of PDA and also a colorimetric transition (blue to red), as along with a 
fluorescence emission1,2,16,17. We hypothesized that similar conformational changes occur in our PDA-
based CN ion detection system. The cobalt moiety at the head group of PDA has strong ionic bond 
interaction with CN anions and generates high mechanical stress on the assembled conjugated backbone 
of PDA, causing a blue-to-red color transition.  
The ionic bond between the carboxylic groups and metal ions results in PCDA-metal complex 
supramolecules, the strong hydrophobic interaction of long alkyl chains in PCDA-Co supramolecules 
is utilized to produce a stackable PCDA-metal supramolecular structure as shown in Fig. 3.1a. At stage 
1 (Fig. 3.1b), each stack of the isolated blue-phase PCDA-Co supramolecules can freely rotate their 
hydrophobic alkyl chains when treated with acids and bases. Upon exposure to bases, the existing ionic 
bond between two carboxylate groups and one divalent Co ion is dissociated. A new ionic bond is then 
generated between one carboxylate group and one monovalent metal ion from the base, resulting in the 
dissociation of the PCDA-Co supramolecules. In case of exposure to acids, one divalent Co ion in the 
two carboxylates is replaced by one acidic proton, therefore PCDA-Co supramolecules will collapse. 
These acid/base-induced alkyl chain rotations ultimately cause the dissociation and collapse of PCDA-
Co supramolecules and thus lead to conformational changes in the conjugated backbone of PCDA-Co 
supramolecules, which are accompanied by a blue-to-red color transition. Organic solvents, however, 
are unable to induce any color transition because the isolated PCDA-Co supramolecules are already 
dissociated and stabilized by THF during synthesis. Therefore, no further stress induced by structural 
perturbations can exist in organic solvents (Fig. 3.1b).  
During stage 2, the stability of the agglomerated PCDA-Co supramolecular structure is enhanced by 
the strong hydrophobic intermolecular interaction between isolated PCDA-Co supramolecules, and 
dissociation into isolated PCDA-Co supramolecules occurs in the presence of organic solvents. The free 
rotation of alkyl chains when treated with acids and bases is not prevalent at this stage as illustrated in 
Fig. 3.1c. Thus, we expect that agglomerated PCDA-Co supramolecules will remain in blue phase upon 
treatment with acids and bases but change to red phase in the presence of organic solvents.  
At stage 3, intermolecular hydrophobic stacking interactions are maximized, and conformational 
changes induced by acids/bases or organic solvents are forbidden, which results in highly stacked 
PCDA-Co supramolecules (Fig. 3.1d). These highly stacked PCDA-Co supramolecules are expected to 
maintain the blue phase upon interaction with acids and bases, organic solvents, and temperature, due 
to their enhanced stability, however, they change to the red phase under a strong specific interaction 
between CN and Co ions. We also assume that the latter may create another type of supramolecular 
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structure, along with color transition from blue to red, because the typical conformational change in the 
conjugated PDA backbone the rotation of alkyl chain is structurally forbidden in the highly stacked 
PCDA-Co supramolecular structure that is formed at stage 3.  
In addition, we devised a practical dual signaling detection system that overcomes the low 
fluorescence emission intensity of the PDA system by incorporating UCNs into the PDA 
supramolecular structure. The resulting UCNs/PCDA-Co nanoplate composite systems display a 
considerable overlap between the luminescence spectra of UCNs and the absorption spectra of PDA, 
therefore featuring a practical dual signaling capability based on a colorimetric transition and 
luminescence change (Fig. 3.1e). The initial luminescent green color of the UCNs changes to red when 
the blue PCDA-Co supramolecules turn red upon reaction with the target CN ions (Fig. 3.1f). 
Furthermore, characteristics of UCNs including the large anti-Stokes shift39, lack of background 
autofluorescence40,41, and high photo-stability42 in the presence of external environments facilitate the 
robustness of the PDA sensor platform as a signaling sensor system. In addition, the color change in the 
PDA due to a local temperature increase triggered by laser irradiation at 980 nm is not expected to occur 
given the superior thermal stability of PDA supramolecular structure investigated. 
Stage 1: Color transition of the isolated PCDA-Co nanoplates in solution 
We initially synthesized isolated PCDA-Co supramolecules in solution and examined CN detection 
capability. Briefly, PCDA dissolved in THF was reacted with the cobalt dihydroxide in water, resulting 
in viscous PCDA-Co supramolecules (see the Experimental Section for details).  
Next, PCDA-Co solution was polymerized by UV irradiation at 254 nm wavelength. The resulting 
polymerized PCDA-Co supramolecules exhibit nanoplate like morphology (Fig. 3.2). A rapid 
colorimetric transition (from blue to red) was observed in the isolated PCDA-Co nanoplates in solution 
state, with this change being induced by exposure to CN ions of concentrations as low as 0.5 mM (Figs. 
3.3 and 3.4). Addition of CN ions resulted in a decrease in the intensity of the absorption peak at 680 
nm and appearance of the one at 550 nm (Fig. 3.3b). The fluorescence intensity of isolated PCDA-Co 
nanoplate solution also increased upon the exposure to CN ions (Fig. 3.3c). 
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Fig. 3.2. SEM image of isolated PCDA-Co nanoplates. Copyright © 2020 American Chemical Society. 
 
Fig. 3.3. a, Color change observed in isolated PCDA-Co nanoplates (RPCDA/Co = 0.33) in solution upon 
the addition of various concentrations of CN ions. (B) UV-Vis and (C) fluorescence spectra change in 
isolated PCDA-Co nanoplates before/after exposure to 4 mM of CN ions (excitation at 480 nm). 
Copyright ©  2020 American Chemical Society. 
 
Fig. 3.4 Rapid color changes observed for isolated PCDA-Co nanoplates in solution after treatment 
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with CN ions (4 mM). 
 As hypothesized in the stage 1 of the Fig. 3.1, these isolated PCDA-Co nanoplates in solution did 
not exhibit blue-to-red color transition upon exposure to organic solvents (Figs. 3.5a and 3.6a).  
However, these isolated PCDA-Co nanoplates exhibited non-specific blue-to-red color transition 
upon exposure to acids, bases, and thermal stress at 90 °C (Figs. 3.5b and 3.5c). The absorbance at 680 
nm decreased, while that at 550 nm increased upon exposure to acids, bases, and thermal stress (90 °C) 
(Fig. 3.6). From these observations, we inferred that the intermolecular interaction between individual 
PCDA-Co nanoplates in THF, was not strong enough to maintain the structure of assembled alkyl chain 
in PCDA-Co nanoplates, which led to easy rotation of the alkyl chain in presence of acids, bases, and 
thermal stress.  
 
Fig 3.5. a-c, Color change observed in isolated PCDA-Co nanoplates (RPCDA/Co = 0.33) in solution, after 





Fig 3.6. a-d, Change in UV-vis absorption intensities of isolated PCDA-Co nanoplates upon treatment 
with (a) organic solvents, (b) bases, (c) acids, and (d) thermal stress. Copyright ©  2020 American 
Chemical Society. 
In order to increase the structural stability of the PCDA-Co nanoplates, we controlled the ratio of 
ionic bonds between PCDA and cobalt ions by altering their initial molar ratio (RPCDA/Co) from 3:1 to 
1:3 as shown in Fig. 3.7. We hypothesized that the higher ratio of cobalt ions in PCDA, provides 
stronger ionic bonding to create the highly packed supramolecular structure. However, solutions 
containing different molar ratios (RPCDA/Co) of PCDA-Co nanoplates showed a non-specific color 
transition upon exposure to acid/bases (Fig. 3.7) and exhibited similar characteristic color transitions 
toward CN ions (Fig. 3.8). 
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Fig. 3.7. Color changes observed for solution-phase isolated PCDA-Co nanoplates prepared using 
various RPCDA/Co and treated with acids, bases, and CN ions. Copyright © 2020 American Chemical 
Society. 
 
Fig. 3.8. Color changes observed in solution for isolated PCDA-Co nanoplates fabricated using various 
RPCDA/Co and treated with various concentrations of CN ions. Copyright © 2020 American Chemical 
Society.   
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Stage 2: Color transition of the agglomerated PCDA-Co nanoplates in solution 
To inhibit alkyl chain rotation in isolated PCDA-Co nanoplates and increase their stability, the 
intermolecular hydrophobic stacking force of these nanoplates was increased by simply increasing the 
amount of deionized (DI) water after nanoplate synthesis in THF, which resulted in nanoplate 
agglomeration (Fig. 3.9).  
 
Fig. 3.9. a,b, Bright-field microscopy images of (a) isolated PCDA-Co nanoplates and (b) agglomerated 
PCDA-Co nanoplates in solution. Scale bars are 10 µm. Copyright © 2020 American Chemical Society. 
Interestingly, these agglomerated PCDA-Co nanoplates did not exhibit a blue-to-red color transition 
upon exposure to bases (Figs. 3.10a and 3.11a), organic solvents (hexane, MeOH, EtOH) (Fig. 3.10b) 
and thermal stress (Fig. 3.10c), but showed color change upon acid addition (H2SO4, HNO3, HCl, 
CH3COOH) and in presence of organic solvents such as methylene chloride (MC), chloroform (CHCl3), 
THF, and ethyl acetate (EA).  
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Fig. 3.10. a-c, Color change observed in agglomerated PCDA-Co nanoplates (RPCDA/Co = 0.33) in 
solution state, upon addition of (a) 4 mM of acids and bases, (b) organic solvents, and (c) heating. 
Copyright ©  2020 American Chemical Society. 
The absorbance at 680 nm decreased and 550 nm increased upon exposure to 4 mM of acids (H2SO4, 
HNO3, HCl, CH3COOH) and organic solvents (MC, CHCl3, THF, EA) (Fig. 3.11b and 3.11c). From 
these results, we believe that the stability of the isolated PCDA-Co nanoplates increased to some extent 
because of the enhanced intermolecular hydrophobic interaction between alkyl chains. This structural 
stability inhibited the exchange of cobalt (II) ions with the cations (K+, Na+, NH4+) from bases (KOH, 
NaOH, NH4OH) and as a result, agglomerated PCDA-Co nanoplates maintained their conformation of 
conjugated backbone without color change. However, when these agglomerated PCDA-Co nanoplates 
are dissolved well in organic solvents such as MC, CHCl3, THF, and EA, they tend to separate into 
isolated PCDA-Co nanoplates with strong dissociation stress resulting in a conformational change of 
conjugated backbone with the blue-to-red color transition. Although PCDA-Co did not exhibit optimal 
stability toward acids, bases, and organic solvents, we concluded that agglomeration, involving an 
enhancement of the hydrophobic intermolecular stacking interaction of PCDA-Co nanoplates, imparts 
additional stability. 
 
Fig. 3.11. a-d, Changes in UV-vis absorption intensities of isolated PCDA-Co nanoplates in solution 
upon treatment with (a) bases, (b) acids, (c) organic solvents, and (d) thermal stress. Copyright ©  2020 
American Chemical Society. 
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Stage 3: Color transition of the highly stacked PCDA-Co nanoplates in solid film 
The previous result of agglomerated PCDA-Co nanoplates provided the possibility to control over the 
stability of PDA sensor system. However, those agglomerated PCDA-Co nanoplates exhibited non-
specific color transition on treatment with acids and several organic solvents. To function as a highly 
stable and selective PDA sensor system, we enhanced the hydrophobic intermolecular stacking 
interaction of isolated PCDA-Co nanoplates to completely inhibit the conformational change of the 
conjugated backbone and the dissociation of PCDA-Co nanoplates. We spin-coated the isolated PCDA-
Co nanoplate solution onto a PET film to construct highly stacked PCDA-Co nanoplates. The PCDA-
Co nanoplates having various morphologies according to the molar ratios (RPCDA/Co) as in Fig. 3.12, 
were prepared and cast onto the PET film as described in Fig. 3.13.  
 
Fig. 3.12. SEM images of isolated PCDA-Co nanoplates in solution based on various initial molar ratio 
(RPCDA/Co). Scale bar = 2.5 µm. Copyright © 2020 American Chemical Society. 
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Fig. 3.13. Color changes observed for highly stacked PCDA-Co nanoplates prepared using various 
RPCDA/Co and exposed to CN ions (25 mM). Copyright © 2020 American Chemical Society. 
The PCDA-Co nanoplate solution with higher concentration of cobalt ions (RPCDA/Co = 0.33 and 0.5) 
exhibited highly uniform coating property on PET film. Surprisingly, PCDA-Co nanoplates film 
exhibited no color change upon exposure to various acids, bases, organic solvents, thermal stress, and 
even mechanical stress- folding in half 10 times (Figs 3.14a-d). We believe that the methodology given 
in the design principle led to the formation of highly stable PCDA-Co nanoplates film. Interestingly, 
the resulting highly stacked PCDA-Co nanoplates exhibited a blue-to-red color transition when treated 
with CN ions (Fig. 3.14d). 
 
Fig. 3.14. a-d, Color change observed in highly stacked PCDA-Co nanoplates films upon treatment 
with (a) acids, bases, and organic solvents, (b) heating, (c) mechanical stress (folding in half 10 times), 
and (d) various concentration of CN ions. Copyright © 2020 American Chemical Society. 
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 Generating PCDA-Co nanoplates films at a particular molar ratio (RPCDA/Co = 0.33), enabled selective 
detection of CN ions with concentrations down to 15 mM in 5 min. PCDA-Co nanoplates films having 
different molar ratios (RPCDA/Co = 0.33, 0.5, 1, 2, and 3) also exhibited a blue-to-red color transition with 
CN ions (Figs. 3.13 and 3.15).  
 
Fig 3.15. Color changes observed for highly stacked PCDA-Co nanoplates prepared using various 
RPCDA/Co and treated with various concentrations of CN ions. Copyright © 2020 American Chemical 
Society. 
The X-ray photoelectron spectroscopy (XPS) data of the PCDA-Co nanoplates film supported the 
strong ionic interaction between Co and CN ions (Fig. 3.16a). The Co 2p XPS spectrum showed that 
cobalt molecules were bonded with PCDA molecules and an exposure of CN ions did not affect this 
bonding. Also, the N 1s XPS spectrum demonstrated the binding energy peak at 398.3 eV after treatment 
with CN ions, indicating ionic bonding between the CN ions and cobalt molecules in the PCDA-Co 
nanoplates. Raman spectra further confirm that the interaction between Co and CN ions triggered the 
changes in conjugation lengths of PCDA-Co nanoplates. The alkyne-alkene bands (2095 and 1450 cm−1) 
corresponding to the blue phase PCDA-Co nanoplates moved to higher wavenumbers (2120 and 1515 
cm−1) representing a typical blue-to-red phase transition of PDAs (Fig. 3.16b)43. The blue shift in 
alkyne-alkene bands indicates that the compressive stress was generated in the conjugated backbone of 
PCDA-Co nanoplates upon exposure to CN ions, ultimately resulting in the blue-to-red color transition 
of the film. From this result, we assumed that PCDA-Co nanoplates have two different supramolecular 
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structure changes, one is by the environmental perturbation such as presence of acids, bases, and organic 
solvents, and the other is by the specific interaction between probe and target. 
 
Fig. 3.16. a,b, (a) XPS and (b) Raman spectra of highly stacked PCDA-Co nanoplates film before/after 
exposure to 15 mM of CN ions. Copyright ©  2020 American Chemical Society. 
Supramolecular structure change of PCDA-Co nanoplates upon exposure to acids, bases, 
and organic solvents 
To understand the structural changes in the isolated PCDA-Co nanoplates, the agglomerated PCDA-
Co nanoplates and the highly stacked PCDA-Co nanoplates, X-ray diffraction (XRD) of each phase of 
PCDA-Co nanoplates were studied before and after exposure to THF, MeOH, KOH, and H2SO4. The 
isolated PCDA-Co nanoplates in blue phase exhibited six distinct peaks, denoted by the closed circles 
as shown in Figure 5A. These peaks were obtained at 2θ = 1.68, 3.32, 4.98, 6.64, 8.30, and 9.94 in the 
range lower than 2θ =12°, and their lattice spacing were calculated by 5.252, 2.658, 1.772, 1.329, 1.064, 
and 0.889 nm corresponding to those of D0/n (n = 1–6), indicating the characteristic periodic lamellar 
structure having the interlayer spacing (D0) of 5.252 nm44,45. These six distinct peaks of isolated PCDA-
Co nanoplates did not decrease intensity after exposure with THF and MeOH, and their D0, the thickness 
of lamellar structure, was 5.586 nm and 5.381 nm, respectively (Fig. 3.17a). Thus, the isolated PCDA-
Co nanoplates maintained their crystallinity after exposure to organic solvents. However, the six distinct 
peaks disappeared after treatment with KOH and H2SO4 as shown in Fig. 3.17a. The periodic lamellar 
structure of isolated PCDA-Co nanoplates collapsed, and their crystallinity disappeared upon addition 
of KOH and H2SO4. In case of blue phase agglomerated PCDA-Co nanoplates in solution, the six 
distinct peaks were measured at 2θ = 1.68, 3.32, 4.96, 6.6, 8.26, and 9.92, and their D0 were 5.252 nm. 
The XRD peaks of agglomerated PCDA-Co nanoplates were maintained after exposure to MeOH and 
KOH, and D0 values was calculated as 5.130 nm and 5.656 nm, respectively. The blue phase XRD peaks 
disappeared after exposure to THF and H2SO4 indicating the collapse of crystallinity (Fig. 3.17b). These 
XRD results were consistent with the UV-Vis absorbance results of agglomerated PCDA-Co nanoplates 
in solution, where the agglomerated PCDA-Co nanoplates exhibited color transition only with acids 
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and organic solvents, which dissolved well with agglomerated PCDA-Co. In case of the highly stacked 
PCDA-Co nanoplates in blue phase, the six distinct peaks were observed at 2θ = 1.54, 3.14, 4.8, 6.44, 
8.12, and 9.78 with an interlayer spacing (D0) of 5.8051 nm, indicating the periodic lamellar structure. 
The six distinctive peaks maintained their location and intensity even after treatment with organic 
solvents, bases, and acids (Fig. 3.17c). Surprisingly, these highly stacked PCDA-Co nanoplates 
exhibited a completely new crystalline structure with an interlayer spacing (D0) of 4.6441 nm while the 
isolated PCDA-Co nanoplates maintained their crystalline structure without the collapse in the presence 
of CN ions (Fig. 3.17d). Although the blue-to-red color transition is similar to that observed upon 
exposure to acids, bases, and organic solvents, the interaction between Co and CN ions is very specific 
and results in a completely different crystalline structure transition, which allows for the selective 
detection of CN ions.  
 
Fig. 3.17. a,b, XRD spectra of (a) isolated PCDA-Co nanoplates, and (b) agglomerated PCDA-Co 
nanoplates in solution upon treatment with acids, bases, and organic solvents. c, XRD patterns of highly 
stacked PCDA-Co nanoplates in solid film before/after addition of acids, bases and organic solvents. d, 
XRD patterns of isolated PCDA-Co nanoplates and highly stacked PCDA-Co nanoplates before/after 
addition of CN ions. Copyright ©  2020 American Chemical Society. 
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We further investigated structural changes in isolated PCDA-Co nanoplates, agglomerated PCDA-
Co nanoplates, and highly stacked PCDA-Co nanoplates with addition of CN ions. As shown in Figure 
6, the blue phase, isolated, agglomerated, and highly stacked PCDA-Co nanoplates exhibit planar 
shapes. The isolated PCDA-Co nanoplates lost their planar characteristic and converted to dissociated 
aggregates after exposure to CN ions (Fig. 3.18a). However, the agglomerated PCDA-Co nanoplates 
and the highly stacked PCDA-Co nanoplates maintained their planar characteristics but exhibited a 
deformed and distorted nanoplate after exposure to CN ions (Figs. 3.18b and 3.18c). These results also 
support the conclusion that the highly stacked PCDA-Co nanoplates exhibited specific morphological 
transition only in the presence of CN ions compared to isolated PCDA-Co nanoplates. 
 
Fig. 3.18. a-c, Changes observed in SEM images of (a) isolated PCDA-Co nanoplates, (b) agglomerated 
PCDA-Co nanoplates, and (c) highly stacked PCDA-Co nanoplates with molar ratios of PCDA and 
cobalt ions (RPCDA/Co = 0.33) upon exposure to 15 mM of CN ions. Scale bars = 1.5 µm. Copyright ©  
2020 American Chemical Society. 
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Dual signaling capability of UCNs/PCDA-Co nanoplate composites 
To realize the practical dual signaling capability, we incorporated UCNs into the highly stacked 
PCDA-Co nanoplates sensor system. Although there are many potential luminescent material 
candidates, most organic and inorganic luminescent materials are disadvantageous, due to their 
instability with external environments such as temperature, solvents, oxygen, and humidity. Lanthanide 
ion-doped UCNs have a superior optical stability against environmental changes.46,47 In addition, UCNs 
release a large anti-stokes shift luminescence at a visible range under near-infrared light (NIR) 
irradiation, and therefore, 980 nm NIR laser of excitation does not induce any colorimetric interference 
with the blue-to-red visible color change of PDA. We began with synthesizing hydrophobic β-
NaYF4:Yb3+/Er3+/Gd3+ UCNs, which exhibit a green emission through a hydrothermal method (see the 
Experimental Section for details). Then, the green luminescent UCNs were dispersed in 12 mM of 
isolated PCDA-Co nanoplate solution, and the UCNs/PCDA-Co composite solution was coated onto a 
PET substrate. As shown in SEM image, UCNs were homogeneously incorporated into the highly 
stacked PCDA-Co nanoplates (Fig. 3.19).  
 
Fig. 3.19. SEM image of UCNs incorporated into highly stacked PCDA-Co nanoplates. Copyright ©  
2020 American Chemical Society. 
The resulting UCNs/PCDA-Co nanoplate composite films exhibited a selective blue-to-red 
color change and a green-to-red luminescence change in the presence of CN ions and displayed superior 
optical stability irrespective of any luminescence and color change occurrence when treated with acids, 
bases, and organic solvents (Figs. 3.20a and 3.20c). The above simultaneous color and luminescence 
change was ascribed to the absorption and luminescence wavelength overlap between highly stacked 
PCDA-Co nanoplates and UCNs. Upon exposure to CN ions, the luminescence intensity of UCNs at 
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550 nm decreased, and a green-to-red luminescence change was observed as the PCDA-Co color 
changed from blue to red, whereas the luminescence intensity at 550 nm was maintained upon exposure 
to acids, bases, and organic solvents (Figs. 3.20b and 3.20d). 
 
Fig. 3.20. a, Color and luminescence changes of UCNs/PCDA-Co nanoplate composites film upon 
addition of various concentrations of CN ions. b, Changes in the luminescence spectrum of 
UCNs/PCDA-Co nanoplate composite film upon exposure to various concentrations of CN ions. c, 
Color and luminescence changes of UCNs/PCDA-Co nanoplate composite film upon exposure to 
various acids, bases, and organic solvents. d, Changes in the luminescence spectrum of UCNs/PCDA-
Co nanoplate composites film upon treatment with acids, bases, and organic solvents. Copyright ©  2020 
American Chemical Society. 
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To expand the potential utility of the UCNs/PCDA-Co nanoplate composite system, we designed a 
prototype portable detection system. The portable detection system was composed of a dichroic mirror 
(FF757-Di01, Semrock), 980 nm NIR laser diode, printed circuit board (PCB), and red-green-blue 
(RGB) complementary metal-oxide-semiconductor (CMOS) sensor (Fig. 3.21a). The UCNs/PCDA-Co 
nanoplate composite film was irradiated with 980 nm NIR laser through the dichroic mirror and the 
reflected luminescence from UCNs was analyzed by RGB CMOS sensor. We programed the device in 
such a way that the LED on the portable device turned green when the luminescence intensity ratio, 
measured between 650 nm and 550 nm (E650 nm /E550 nm), becomes greater than 3. This ratio was obtained 
when the UCNs/PCDA-Co nanoplate composites were exposed to 15 mM of CN ions. Similarly, the 
LED turned to red light when the luminescence intensity ratio of the composite had E650 nm /E550 nm less 
than 3. As shown in Fig. 3.21b, our portable device selectively detected the luminescence change of 
the UCNs/PCDA-Co composite system when exposed to 15 mM of CN ions. 
 
Fig. 3.21. a, Schematic of the portable detection system. b, Selective detection of CN ions with the 
device in (a). Inset images show the luminescence color change of UCNs/PCDA-Co nanoplate 
composite film after exposure to CN ions (LED is red in the absence of CN ions and green in the 
presence of CN ions). Scale bar is 0.5 cm. Copyright ©  2020 American Chemical Society.   
3.3 Experimental Section 
Materials. Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich. 
Preparation of isolated PCDA-Co nanoplates. To a solution of 14.71 mmol of cobalt hydroxide 
(Alfa Aesar) in 0.4 mL of DI water, 4.90 mmol of 10,12-pentacosadiynoic acid (PCDA, GFS Chemicals) 
in 9.6 mL of THF was added dropwise and stirred at room temperature overnight. 50 µl of the resulting 
PCDA-Co nanoplates organogel was diluted in 2 mL of THF and photo-polymerized under 254 nm UV 
light irradiation for 6 min. The PCDA-Co nanoplates were isolated by further dilution with 4 mL of 
THF. 
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Preparation of agglomerated PCDA-Co nanoplates. DI water (4 mL) was added to the previously 
synthesized isolated PCDA-Co nanoplate solution, and photo-polymerized with 254 nm UV light 
irradiation for 6 min. 
Preparation of highly stacked PCDA-Co nanoplates film. The same procedure as that described 
above was followed to synthesize a solution of isolated PCDA-Co nanoplates, 50 μL of which was spin-
coated onto PET film (1 cm × 1 cm) using a spin-coater (ACE-200, Dong Ah Tech) (150 rpm for 5 
min). 
Synthesis of hexagonal phase UCNs. To a solution of NaOH (0.6 g in 3 mL DI water) mixed with 
10 mL of ethanol upon vigorous stirring, 10 mL of oleic acid, 4 mL of RECl3 (0.2 M, RE = 
Gd3+/Y3+/Yb3/Er3+ = 30/50/18/2) and 2 mL of NH4F (2 M) were added. The mixture precursor solution 
was transferred to a stainless steel autoclave, with subsequent heating at 200 °C for 2 h. After naturally 
cooling to room temperature, nanocrystals were collected by centrifugation and washed with ethanol 
and water. 
UCNs/PCDA-Co nanoplate composite film. Isolated PCDA-Co nanoplates in solution were 
synthesized using the abovementioned procedure. Next, 12 mg of UCNs was added to 200 μL of isolated 
PCDA-Co nanoplate solution, and the mixture were vortexed for 1 min using a vortex mixer (NB-105V, 
N-Biotek). Finally, the UCNs/PCDA-Co nanoplate composite was spin-coated onto the PET substrate 
(1 cm × 1 cm) using a spin-coater (ACE-200, Dong Ah Tech) (150 rpm for 5 min). 
Characterization. The blue-to-red color change of PCDA-Co were captured using a digital camera 
(EOS M3, Canon). UV-vis absorption spectra were recorded by a UV-vis spectrometer (Cary 8454, 
Agilent Technologies). Fluorescence emission of PCDA-Co nanoplates were measured using a 
fluorescence spectrophotometer (Cary Eclipse, Agilent Technologies). X-ray photoelectron 
spectroscopy (XPS) data were obtained with a photoelectron spectrometer (K-alpha, Thermo Fisher). 
Raman spectra were recorded using a confocal Raman microscope (alpha 300s, WITec). Scanning 
electron microscopy (SEM) images were taken with a scanning electron microscope (S-4800, Hitachi 
High-Technologies). XRD measurements were recorded with an X-ray diffractometer 
(D/MAX2500V/PC, Rigaku) at a scanning rate of 1° min−1 with the 2θ from 1° to 16°. The 
photoluminescence spectra of UCNs were recorded with a spectrometer (QE Pro, Ocean Optics) using 
an external 0–10 W adjustable continuous wave 980 nm laser (MDL-H-980, Changchun New Industries 
Optoelectronics Tech. Co., Ltd.). 
3.4 Conclusion 
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In summary, we successfully developed a universal design principle for a highly stable PDA sensor 
platform with an unprecedented stability when faced with environmental perturbation such as acids, 
bases, organic solvents, and thermal and mechanical stress. The stability of the PDA sensor system was 
enhanced by (i) rational control of the strong ionic bonds between cobalt ions and PCDA and (ii) 
maximization of the hydrophobic intermolecular interactions of PCDA-Co supramolecules. UCNs were 
incorporated into the highly stable PCDA-Co sensor system to selectively detect CN ions via stable 
dual signaling (colorimetric transition + luminescence color change), and a customized portable 
detection system was demonstrated. The developed sensor platform can be further employed in diverse 
PDA sensor systems for use in harsh environments (both night- and daytime) because of the simplicity 
of its synthesis and unusually high stability. Thus, this work provides insights into ways of overcoming 
the inherent disadvantages of PDA sensor systems for robust and practical dual signaling sensor 
applications. 
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4.1 Introduction 
Polydiacetylene (PDA), one of the conjugated polymers, has been extensively studied for the 
development of various sensor systems because of their unique optical properties such as color change 
and fluorescence emission1-4. Diacetylene molecules are polymerized by 1-4 addition polymerization 
under 254 nm UV irradiation and blue-phase PDA having an alternating “yne-ene” backbone is 
generated5-7. PDAs undergoes a blue-to-red color transition and fluorescence emission by the 
conformational change of conjugated backbone by the applied external stimuli1-3. They have been 
fabricated as liposomes1, 2, 8, films9, 10, and nanowires11 to recognize various series of external stimuli 
such as heat12, 13, pH8, mechanical stress14, and molecular recognition1, 2, 15-18. Based on these stimuli-
responsive optical property changes of PDAs, a great deal of effort has been devoted to detecting toxic 
molecules by introducing structurally distinct recognition units into diacetylene monomers. One of the 
toxic molecules, the Chemical Warfare Agents (CWAs), has been considered a weapon of mass 
destruction (WMD), and the use of these WMDs is prohibited by customary international humanitarian 
law (IHL). Nevertheless, to maximize killing capacity, CWAs are often sprayed illegally day and night 
during the civil war. Therefore, in order to evacuate from contaminated areas where CWAs have been 
sprayed or to use a proper antidote for people exposed to chemical agents, it is necessary to develop a 
detection system that selectively and quickly identifies the type of CWAs at night as well as during the 
day.  
In this study, we report UCNs embedded PDA supramolecules capable of rapidly and 
selectively detecting two CWAs gases using the orthogonal electrophilic and nucleophilic reaction 
mechanisms of G-series nerve agent (DMMP) and blood agent (ClCN). To selectively recognize DMMP 
and ClCN, we suggest nucleophilic oxime (OX) modified PCDA-OX and electrophilic benzaldehyde 
(BA) modified PCDA-BA molecules. We further fabricate PCDA-OX/UCNs and PCDA-BA/UCNs 
nanocomposite embedded fiber patches that exhibit a dual signaling capability of yellow-to-red 
luminescence transition and a blue-to-red color change upon exposure to DMMP and ClCN gases, 
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respectively. In addition, we provide a color standard for the convenient use of military PDA sensors 
that do not require scientific analysis tools. This design principle of the PDA/UCNs nanocomposite-
based sensor system extends the applicability of PDA sensor systems to military use in the development 
of gas CWAs detection systems.  
4.2 Results and Discussion 
We begin with synthesizing two diacetylene derivatives, PCDA-OX and PCDA-BA (Fig. 4.1a). It is 
known that OX has an enhanced nucleophilicity by the α-effect of an adjacent nitrogen atom, and they 
have been used to synthesize an antidote molecule such as 2-pyridine aldoxime methyl chloride (2-
PAM) in the treatment of nerve agent poisoning19. ClCN, a blood agent, has been known that the toxicity 
comes from cyanide (CN) ions that were released by the reaction with glutathione in biological 
systems20. The released nucleophilic cyanide strongly binds ferric cation (Fe3+) inside cytochrome 
oxidase and cause suffocation from lack of oxygen with fatal damage to the respiratory system. Cyanide 
molecules, a strong nucleophile, are also known to bind with the electrophilic benzaldehyde group 
producing cyanohydrin molecules. Briefly, a nucleophilic OX attacks electrophilic organophosphonates 
and electrophilic aldehydes are attacked by nucleophilic cyanides. Therefore, these reaction 
mechanisms are orthogonal with each other. PDAs system for the selective detection of target CWAs 
molecules. Multiple substrates such as PET and fiber patch are coated with PCDA-OX and PCDA-BA 
monomers and PCDA-OX or PCDA-BA coated substrates exhibit blue color through 1-4 addition 
photo-polymerization of diacetylenes groups under 254 nm UV light irradiation (Fig. 4.1b). PCDA-OX 
or PCDA-BA coated cotton fibers display rapid color change from blue to red when exposed to DMMP 
or ClCN (Fig. 4.1c). We believe that nucleophilic oximes in PCDA-OX probe molecules rapidly react 
with organophosphonate (OP) of DMMP target molecules and therefore repulsion force between 
covalently bonded PCDA-OX and DMMP complexes impose a strong conformational change to the 
conjugated backbone of PDA resulting color transition (Fig. 4.1d). In contrast, for ClCN, cyanide anion 
from the target ClCN molecules act as a nucleophile and react with electrophilic benzaldehyde groups 
in PCDA-BA probe molecule. In other words, DMMP and ClCN have orthogonal reaction mechanisms 
in that PCDA-OX acts as a nucleophile for DMMP and PCDA-BA acts as an electrophile for ClCN. In 
this way, we expect that PCDA-OX and PDCA-BA maintain their initial blue color upon exposure to 
ClCN and DMMP, respectively. In addition, we incorporate UCNs into the investigated PDA sensor 
system to realize the dual signaling sensor system to be available at night through a luminescent change 
of UCNs (Fig. 4.1e). The luminescence color of the PDA/UCNs nanocomposite changes from yellow 
to red according to the absorption change of PDA. These UCNs/PDA nanocomposite systems provide 
a potential utility for selective detection of CWAs that can be used at night-time.  
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Fig. 4.1. a, Chemical structure of investigated diacetylene PCDA-OX and PCDA-BA (top) and the 
reaction mechanisms of OX with DMMP (bottom) and BA with ClCN. b, Schematic illustration of the 
fabrication of PCDA-OX or PCDA-BA coated fiber patch. c, Selective detection of DMMP and ClCN 
using PCDA-OX and PCDA-BA fiber patches. d, Detection mechanism of PCDA-OX and PCDA-BA. 
e, Schematic illustration of PDA/UCNs nanocomposite fiber patches for night-time detection. 
Copyright © 2021 IOP Publishing. 
To explain the detection capability of the synthesized PDA molecules, we initially prepared 
PCDA-OX coated PET film and exposed to the DMMP solution. PET film was coated with PCDA-OX 
(30 mM in THF) and exposed to 254 nm UV light for 1 min. The resulting blue colored PCDA-OX PET 
film exhibited rapid color change from blue to red (Fig. 4.2a) with absorption change from 650 nm to 
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550 nm (Fig. 4.2c) when exposed to 0.1 ml of DMMP liquid in less than 1 s. To expand the flexibility 
of the PDA sensor system, PCDA-OX was coated on fiber patch (see the Experimental Section for 
details). As in Fig. 4.2b, PCDA-OX coated fiber patch also exhibited rapid blue to red color transition 
in less than 1 s upon exposure to DMMP liquid. To test the colorimetric response of the PCDA-OX 
system, the reflection spectra of PCDA-OX coated cotton fiber was measured before and after the 
exposure of DMMP liquid. The reflectance intensity at 450 nm decreased with an increase at 650 nm 
upon exposure to 0.1 ml of DMMP. We further exposed the PCDA-OX fiber patch to DMMP droplet 
having 100 µm diameter corresponding to the detection limit of conventional CWAs detection papers 
such as M-8 and M-9. Multiple DMMP droplets were sprayed onto the PCDA-OX fiber patch (see the 
Experimental Section for details) and the PCDA-OX fiber patch exhibited a blue-to-red color transition 
(Fig. 4.2e). These results showed that our PCDA-OX system successfully detects the CWAs by the 
detection limit of conventional CWAs detection systems such as M-8 and M-9.   
 
Fig. 4.2. a, Color change of PCDA-OX coated PET film after exposure to DMMP liquid (9.23M). b, 
Color change of PCDA-OX cotton fiber patch after exposure to DMMP liquid (9.23M). c, Normalized 
UV-vis absorption spectra of PCDA-OX coated PET film before and after exposure to DMMP liquid 
(9.23M). d, Normalized reflectance spectra of PCDA-OX cotton fiber patch before and after exposure 
to DMMP liquid (9.23M). e, Color change of PCDA-OX fiber patch after exposure to DMMP droplets 
(Diameter: 100 µm). Copyright © 2021 IOP Publishing. 
 To find whether our PDA Sensor systems can detect gaseous CWAs selectively and rapidly, 
PCDA-OX or PCDA-BA fiber patch was exposed to DMMP gas (390 ppm) and ClCN gas (1720 ppm) 
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(see the Experimental Section for details). PCDA-OX coated fiber patch exhibited blue to red color 
transition in 7 s upon exposure to DMMP gas but it appeared no color transition when exposed to ClCN 
gas. In the case of PCDA-BA fiber patch, blue to red color transition appeared in less than 1s upon 
exposure to ClCN gas but no color transition was observed when exposed to DMMP gas (Fig. 4.3a). 
These selective color changes were originated from the orthogonal reaction mechanism of DMMP and 
ClCN in that electrophilic BA has no interaction reaction with electrophilic OP and the nucleophilic OX 
has no interaction with CN nucleophiles. 
It is known that the saturation and brightness of the two colors change according to the ambient 
light. Therefore, to analyze the color change of the PDA sensor system regardless of a light condition 
without using scientific analytical tools, we used an angle change of Hue (H) value because the angular 
difference in hue values does not change in a color wheel according to the amount of light. First, the 
color of the PDA fiber patch before and after exposure to CWAs (Figs. 4.3a (top) and 4.3b (top)) was 
averaged using a Korean Standard Color Analysis (KSCA) program (Figs. 4.3a (middle) and 4.3b 
(middle)). Second, the main H values were extracted and color names were assigned using the KSCP 
(Korean Standard Color Palette) program. Finally, the position of the colors was displayed on the color 
wheel, and we measured the degree of angle change between the two colors (Figs. 4.3a (bottom) and 
4.3b (bottom)). PCDA-OX fiber patch was assigned as a turbid blue color before and after exposure to 
ClCN, and the H value of located at 210˚ and 212˚. After exposure to DMMP gas, the name of the color 
changed to a pale red and the H angle changed by 152˚. For the PCDA-BA fiber patch, the color was 
named as a pale blue with H value at 208˚, and the H value was slightly changed to 215˚ after exposure 
to DMMP gas. When the PCDA-BA fiber patch was exposed to ClCN gas, the name of the color was 
changed to purple pink with H value at 317˚. This H angle-based color analysis offers the color standard 
of the colorimetric warfare agent sensors and improves the practical military use of the PDA sensor. 
 
Fig. 4.3. a, CCD images (top), averaged colors and color standard names (middle), and H values on the 
color wheel (bottom) of PCDA-OX coated fiber patch after exposure to ClCN (1720 ppm) and DMMP 
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(390 ppm) gases. b, CCD images (top), averaged colors and color standard names (middle), and H 
values on the color wheel (bottom) of PCDA-BA coated fiber patch after exposure to DMMP (390 ppm) 
and ClCN (1720 ppm) gases. Copyright © 2021 IOP Publishing. 
 It is known that CWAs attacks are often carried out at night when it is difficult to respond. For 
this reason, to develop a robust night-time detection system, we incorporated UCNs into our PDA sensor 
system. Lanthanide ion-doped UCNs have large anti-stokes shift characteristics emitting visible 
luminescence upon excitation with 980 nm near-infrared (NIR) laser light21, 22. UCNs are a promising 
candidate luminescence material because they have excellent optical stability upon physicochemical 
changes23-25. We synthesized yellow luminescent hydrophobic β-NaYF4:Yb/Er/Gd UCNs using a 
hydrothermal method (see the Experimental Section for details). To test the stability of UCNs upon 
exposure to CWAs, UCNs were embedded into a fiber patch and exposed to DMMP and ClCN gases. 
UCNs maintained their rod-like morphology (Fig. 4.4a) without changing luminescence color after 
exposure to CWAs (Figs. 4.4b and 4.4c). Figures 4.4d and 4.4e show that the 650 nm luminescence 
wavelength of UCNs overlaps with the 650 nm absorption wavelength of PCDA-OX in blue phase, and 
540 nm luminescence of UCNs overlaps with the 550 nm absorption wavelength of PCDA-OX in red 
phase. By using these luminescence and absorbance overlap of UCNs with PDA, we expect that blue-
to-red color transition of PDA induces luminescence color change of UCNs when exposed to CWAs. 
We prepared yellow luminescent UCNs/diacetylene monomer mixture solution (30 mM of PCDA-OX 
or PCDA-BA in THF). A fiber patch was coated with UCNs/diacetylene monomers (PCDA-OX or 
PCDA-BA) mixture solution and photopolymerized under 254 nm UV light irradiation (see the 
Experimental Section for details). The resulted PCDA-OX/UCNs or PCDA-BA/UCNs fiber patches 
were exposed to DMMP and ClCN gases, and the luminescence color changes were measured in the 
darkroom. PCDA-OX/UCNs fiber patch presented the luminescence color change from yellow to red 
with blue-to-red color change upon exposure of DMMP gas but no luminescence and color change upon 
exposure to ClCN gas (Fig. 4.4f). PCDA-BA/UCNs fiber patch exhibited a yellow-to-red luminescence 
color change upon exposure of ClCN gas while they did not show the luminescence change upon 
exposure of DMMP gas (Fig. 4.4g). PCDA-OX/UCNs system exhibited the luminescence color 
transition with the decrease of the emission at 540 nm wavelength by the absorbance change of PCDA-
OX upon exposure to DMMP gas (Fig. 4.4h). PCDA-OX/UCNs and PCDA-BA/UCNs sensor system 
showed selective detection capability of DMMP and ClCN gases through dual-signaling such as color 
and luminescence change. These results provide the potential utility for the development of dual 
signaling PDA/UCNs sensor system that can be used at night. 
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Fig. 4.4. a, SEM images and b, luminescence change of UCNs after exposure to ClCN (1720 ppm) and 
DMMP (390 ppm) gases. c, Luminescence spectra change of UCNs coated fiber patch before and after 
exposure to ClCN (1720 ppm) and DMMP (390 ppm) gases. d,e, Luminescence overlap of UCNs with 
(d) blue phase PCDA-OX and (e) red phase PCDA-OX. f, Color (top) and luminescence (bottom) 
change of PCDA-OX/UCNs fiber patch upon exposure to ClCN (1720 ppm) and DMMP (390 ppm) 
gases. g, Color (top) and luminescence (bottom) change of PCDA-BA/UCNs fiber patch upon exposure 
to ClCN (1720 ppm) and DMMP (390 ppm) gases. h, Luminescence spectra change of PCDA-
OX/UCNs fiber patch before and after exposure to DMMP (390 ppm) gas. Scale bar is 1 µm for (A) 
and 5 mm for (F). Copyright © 2021 IOP Publishing. 
4.3 Experimental Section 
Materials 
10,12-pentacosadiynoic acid (PCDA) was purchased from GFS chemicals. Oxalyl chloride was 
purchased from TCI chemicals. 4-hydroxy benzaldehyde, 2,4-dihydroxy benzaldehyde (HBA), 
hydroxylamine hydrochloride, and 2-butanone were purchased from Alfa Aesar. Triethylamine (TEA), 
dimethylformamide (DMF), dichloromethane, and pyridine were purchased from Sigma-Aldrich. 
Tetrahydrofuran (THF), ethyl acetate (EA), hexane, and ethanol were purchased from SAMCHUN 
chemicals. All chemicals were used without further purification. 
Preparation of diacetylene monomers 
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Synthesis of PCDA-HBA. To a solution of 5.33 mmol of PCDA in 20mL of dichloromethane, 15.7 
mmol of oxalyl chloride was added dropwise. The mixture solution was stirred for 2hrs. After 
concentrating in vacuo, the residue was dissolved in 2-butanone and added to a solution containing 5.27 
mmol of 2,4-dihydroxy benzaldehyde and 6.17 mmol of TEA in 50 mL of 2-butanone. The mixture 
solution was stirred overnight and extracted with ethyl acetate (EA). The residue was further purified 
by column chromatography (hexane:EA = 9:1). 1H NMR (400 MHz, DMSO-d6) δ 10.21 (s, 1H), 7.69 
(d, J = 8.5 Hz, 1H), 6.77 – 6.66 (m, 2H), 2.59 (t, J = 7.4 Hz, 2H), 2.28 (t, J = 6.4 Hz, 4H), 1.70 – 1.16 
(m, 32H), 0.86 (t, 3H). 
Synthesis of PCDA-OX. To a solution of 2.02 mmol PCDA-HBA in 100mL of ethanol, 4.04 mmol of 
hydroxylamine hydrochloride solution in 20 mL of DI-water/ethanol (1/1) mixture was added dropwise. 
The resulting solution was refluxed for 6hrs at 44℃. After concentrating in vacuo, the residue was 
extracted with ethyl acetate (EA), and further purified by column chromatography (hexane:EA = 5:1). 
1H NMR (400 MHz, DMSO-d6) δ 11.31 (s, 1H), 10.37 (s, 1H), 8.31 (s, 1H), 7.52 (d, J = 8.3 Hz, 1H), 
6.67 – 6.58 (m, 2H), 2.56 (t, J = 7.4 Hz, 2H), 2.28 (t, J = 6.3 Hz, 4H), 1.69 – 1.20 (m, 32H), 0.86 (t, 
3H). 
Synthesis of PCDA-BA. To a solution of 5.33 mmol PCDA in 20 mL of dichloromethane, 15.7 mmol 
of oxalyl chloride was added dropwise, and a catalytic amount of DMF was added. The resulting 
solution was stirred for 2 hrs at room temperature. After concentrating in vacuo, the residue was 
dissolved in THF and added to a solution containing 5.27 mmol of 4-hydroxy benzaldehyde in 20 mL 
of pyridine. The mixture solution was stirred overnight and extracted with ethyl acetate (EA). The 
residue was further purified by column chromatography (hexane:EA = 5:1).
 
1H NMR (400 MHz, 
DMSO-d6) δ 10.00 (s, 1H), 7.98 (d, 2H), 7.37 (d, 2H), 2.62 (t, J = 7.4 Hz, 2H), 2.28 (t, J = 6.5 Hz, 4H), 
1.74 – 1.20 (m, 32H), 0.85 (t, 3H). 
Fabrication of PCDA-OX and PCDA-BA fiber patches. A cotton fiber patch (1 cm x 1 cm) was 
coated with 30 mM of PCDA-OX in THF. PCDA-OX coated fiber patch were polymerized by 254 nm 
UV light irradiation for 1 min. PCDA-BA coated fiber patch was fabricated by following the same 
process. PCDA-BA coated fiber patch was polymerized by 254 nm UV light irradiation for 30 s. 
Preparation of 100µm diameter DMMP droplet. DMMP solution was dropped on a PET film using 
a high-precision dispenser (E2, Nordson). DMMP droplet. The contact angle and radius of DMMP were 
measured using a drop shape analyzer (DSA100, Krüss). The volume and the diameter of the DMMP 
were calculated using the measured contact angle and radius. The volume of the DMMP droplet of (0.52 
nl) having a diameter of 100 µm was further adjusted by optimizing the voltage (80 V) and stroke value 
(90%) of the dispenser.  
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Preparation of DMMP and ClCN gases. DMMP and ClCN solution was vaporized with dry and 
transferred to the gas storage container. The concentration of DMMP (390 ppm) and ClCN gases (1720 
ppm) was controlled using a constant flow regulator. 
Synthesis of hexagonal phase UCNs. 10 mL of oleic acid, 4 mL of RECl3 (0.2 M, RE = 
Gd3+/Y3+/Yb3/Er3+ = 30/50/18/2) and 2 mL of NH4F (2 M) were added to a solution of NaOH (0.6 g in 
3 mL di-water) with 10 mL of ethanol upon vigorous stirring. The mixture precursor solution was moved 
to a stainless steel autoclave and heated for 2 hrs at 200 °C in a vacuum oven. After cooling to room 
temperature, UCNs were washed with water and ethanol by centrifugation. 
Fabrication of PCDA-OX/UCNs and PCDA-BA/UCNs fiber patches. 12 mg of UCNs was added to 
200 uL of PCDA-OX or PCDA-BA solution in THF (30 mM), and the mixture solution was vortexed 
for 1min (NB-105V, N-Biotek). A cotton fiber patch was coated with UCNs/PCDA-OX mixture 
solution and polymerized by 254 nm UV light irradiation for 1 min. A cotton fiber patch was coated 
with UCNs/PCDA-BA mixture solution and polymerized by 254 nm UV light irradiation for 30 s. 
Characterization. The images of the PCDA-OX and PCDA-BA system were taken using a charge-
coupled device (CCD) camera (EOS M3, Canon). UV-vis absorption spectra were measured by a UV-
vis spectrometer (Cary 8454, Agilent Technologies). Reflectance spectra were measured using a fiber 
optic spectrometer (KESHET-PHOTON). Scanning electron microscopy (SEM) images were captured 
with a scanning electron microscope (S-4800, Hitachi High-Technologies). The photoluminescence 
spectra of UCNs were recorded with a spectrometer (QE Pro, Ocean Optics) using a 980 nm laser 
(MDL-H-980, Changchun New Industries Optoelectronics Tech. Co., Ltd.).  
4.4 Conclusion 
We have developed a rapid and selective DMMP (a G-agent simulant) and ClCN (a blood 
agent) gas detection systems using PDA/UCN nanocomposite by rationally utilizing the orthogonal 
reaction mechanism of CWAs. The PCDA-OX/UCNs and PCDA-BA/UCNs rapidly interacted with the 
organophosphonate and cyanide, causing a selective blue to red color change and yellow to red 
luminescence change upon DMMP and ClCN. Since the change in luminescence color is observed using 
an invisible 980 nm NIR laser light, there is no risk of being exposed to the enemy at night, and we 
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Chapter 5. Summary and Future Perspectives 
5.1 Summary 
In this dissertation, photonic systems displaying novel optical properties were introduced for 
diverse applications such as three-dimensional (3D) displays, anti-counterfeiting systems, and optical 
sensors. We studied novel photonic systems exhibiting multi-modal holographic signals and 
chemosensors having high stability and dual optical signals through the rational design of novel 
diacetylene molecules and the introduction of upconversion nanoparticles. 
In chapter 1, various photonic systems with unusual optical properties such as bio-inspired 
photonic systems and metamaterials systems were introduced. Moreover, we explained the limitation 
of conventional metasurface holograms and the need for novel dynamic holograms with multiple optical 
signals for use in various research fields such as optical sensors, dynamic gratings, and light control 
devices.  
In chapter 2, we have invented a novel polydiacetylene (PDA) hologram system that has a 2D 
grating function when expanded in aprotic solvents and 3D refractive index anisotropy when contracted 
in protic solvents. Our polymeric hologram systems reversibly display either unique 3D full parallax 
signals or structural colors according to the type of solvents. This ability to reversibly expand and 
contract the polymeric structure enabled three holographic modes to be displayed in a single architecture, 
forming new polymeric hologram systems. Such holographic features were theoretically studied by 
DFT calculations, MD, and FEA simulations. Moreover, we presented a variety of encryption 
applications and our method has made considerable progress in anti-counterfeiting technologies. Based 
on our results, we believe that our method and system can open new avenues in the development of thin 
structures to actively manipulate light and will form the basis of self-signaling 4D printing materials. 
In chapter 3, we successfully developed a universal design principle for a highly stable PDA sensor 
platform with unprecedented stability when faced with environmental perturbation such as acids, bases, 
organic solvents, and thermal and mechanical stress. The stability of the PDA sensor system was 
enhanced by (i) rational control of the strong ionic bonds between cobalt ions and PCDA and (ii) 
maximization of the hydrophobic intermolecular interactions of PCDA-Co supramolecules. UCNs were 
incorporated into the highly stable PCDA-Co sensor system to selectively detect CN ions via stable 
dual signaling (colorimetric transition + luminescence color change), and a customized portable 
detection system was demonstrated. The developed sensor platform can be further employed in diverse 
PDA sensor systems for use in harsh environments (both night- and daytime) because of the simplicity 
of its synthesis and unusually high stability. Thus, this work provides insights into ways of overcoming 
the inherent disadvantages of PDA sensor systems for robust and practical dual signaling sensor 
applications. 
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In chapter 4, we have developed a rapid and selective DMMP (a G-agent simulant) and ClCN 
(a blood agent) gas detection systems using PDA/UCN nanocomposite by rationally utilizing the 
orthogonal reaction mechanism of CWAs. The PCDA-OX/UCNs and PCDA-BA/UCNs rapidly 
interacted with the organophosphonate and cyanide, causing a selective blue to red color change and 
yellow to red luminescence change upon DMMP and ClCN. Since the change in luminescence color is 
observed using an invisible 980 nm NIR laser light, there is no risk of being exposed to the enemy at 
night, and we further expect the straightness of the coherent laser light enables the development of long-
range sensor systems.  
To conclude, we investigated novel photonic systems exhibiting multi-modal holograms or dual 
optical signals. We anticipate that our two universal design principles, which are established through 
the above-mentioned four chapters, can be utilized to expand other responsive systems effectively and 
to develop novel systems exhibiting unprecedented optical signals for diverse photonics applications. 
5.2 Future Perspectives 
Based on the rational design of organic molecules and projection micro-stereolithography, several 
responsive systems are suggested in this chapter, for more developed and advanced polymer systems 
with unusual properties. 
First, we suggest responsive PDA organogel systems displaying efficient fluorescence emissions, 
using the newly synthesized diacetylene resin. These resins having photocurable moiety at the one end 
and functional moiety at the other end displays different fluorescence transition upon a contraction 
according to the intermolecular interactions between the functional moieties. We believe that these 
different fluorescence capabilities of PDA organogels enable novel anticounterfeiting applications in 
response to solvent exchange. 
Second, we suggest a novel responsive organogel exhibiting shape-morphing and structural color 
transition. Based on the rational design of functional resins capable of large negative thermal expansion, 
we would like to develop shape-morphing origami via projection micro-stereolithography. It would be 
possible to construct thermo-responsive origami that can be transformed into any desired shape and 
displays structural color change for diverse applications such as tissue engineering and soft robotics. 
Lastly, by combining nano-scale lithography and molecular design of functional resin, we hope to 
realize the advanced polymer system that controls the propagation of acoustic waves in response to 
external stimuli. We believe that our methods can open avenues in the development of polymeric 
structures to actively control acoustic waves for transformation acoustics applications.  
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